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FRONT COVER 
Daily averaged surface current vectors 
from the CODAR/SeaSonde HF radar net- 
work around Monterey Bay for 6 August 
1994, together with satellite-derived sea 
surface temperatures in the range 9°C 
(blue) to 17°C (red). Symbols denote off- 
shore mooring locations (red) and radar 
sites (black). Photographs show the 
phased-array antennas recently deployed 
in Santa Cruz (see Teague et al, 1997, this 
issue), the older-style CODAR antenna de- 
ployed at MBARI in Moss Landing, and 
the SeaSonde antenna deployed on a Coast 
Guard building at Pt. Pinos near Monterey. 
These images were produced by G. 
Hatcher (MBARI) and P. Braccio (NPS). 

BACK COVER 
Surface vector current map from the 
OSCR HF radar in the South Florida 
Keys for 0000 UTC 25 May 1994 show- 
ing the presence of a mesoscale eddy in- 
shore of the Florida Current (red) and 
convergence and divergence zones. The 
vectors indicate the current direction and 
the colors represent the speed (see 
scale). The radar sites "master" and 
"slave" were located at Boca Chica and 
Bahia Honda, respectively. Photographs 
show the receive phased-array antennas 
(left and right inset) and the transmit an- 
tenna array (center inset). These images 
were produced by E.H. Augustus. 
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QUARTERDECK 

HIGH-FREQUENCY RADAR REMOTE 

SENSING: THE NEW REVOLUTION IN 

COASTAL OCEANOGRAPHY 

1 HE LITTORAL OCEAN with its complicated coastline and complex bathymetry poses great 
challenges to oceanographers, coastal managers, and naval forces that have an ever in- 
creasing need to understand and predict its behavior. However, the prediction of coastal 
environmental parameters is particularly difficult because winds, waves, and currents in- 
teract with the boundaries on much smaller space and time scales than in the open "deep 
blue" ocean. As a result, the dynamics of coastal waters and the resulting circulation arc 
dependent on many physical mechanisms and interactions that are not well understood 
and have not been measured extensively with the necessary spatial and temporal resolu- 
tion. Conventional measurement techniques arc limited to single-point, temporal observa- 
tions (e.g., current or wave measurements from a mooring) or to poorly resolving spatial 
snapshots (e.g., ship surveys or drifting buoy arrays). The broad spectrum of societal and 
environmental issues that arise from our increasing interest in, and dependence on, the 
coastal ocean (e.g., coastal pollution, fisheries recruitment, search and rescue, beach ero- 
sion, and sediment transport) demands that we improve our ability to monitor coastal pro- 
cesses and to fine-tune models to more accurately predict impending changes. 

This improved measurement capability is important for the Navy in its tactical deci- 
sion making. For example, Naval operations in the littoral ocean encounter numerous 
challenges in mine countermcasures and also during amphibious landings, whereas de- 
tailed information on meteorological conditions is critical during takeoff and landing 
operations on aircraft carriers. Additionally, improved knowledge of the local sea state 
is crucial for the detection and defense of surface-skimming missiles. The Army's need 
to observe the coastal ocean stems from its dual function in our society. On the military 
side, logistics over the shore (LOTS) are critical to disembarkation of equipment and 
the temporary maintenance of harbors. On the civilian side, the Army Corps of Engi- 
neers has responsibilities for the health and maintenance of our shorelines and beaches. 
Huge sums of money are expended in the dredging of harbors and shipping lanes to 
maintain the safety and viability of our waterways, whereas it is the near-shore circula- 
tion patterns and relentless impact of shoaling waves that force these expensive actions 
through sediment transport and shoreline erosion. 

With the beginning of operation of high-frequency (HF) radars in coastal zones some 
forty years ago and the application of near-shore current mapping some twenty years ago, 
it became feasible to simultaneously observe large regions of the coastal ocean and con- 
struct maps of surface currents, waves, and wind direction. Depending on the system con- 
figuration, horizontal resolutions can be from hundreds of meters to tens of kilometers 
whereas offshore ranges are from tens to hundreds of kilometers. The shore-based, nonin- 
vasive nature of this remote sensing technology means that, in principle, these two-dimen- 
sional observations can be collected continuously for relatively low costs compared with 
at-sea measurements. The potential of HF radars to advance our understanding of coastal 
oceanography by providing much of the necessary space-time observations is truly incredi- 
ble. This special issue of Oceanography is dedicated to the presentation of a diverse set of 
examples in which HF radars were used to observe the coastal ocean. The Office of Naval 
Research and the U.S. Army Engineer Waterways Experiment Station are pleased to spon- 
sor this publication. We would like to thank the authors and the editors, Hans Grabcr and 
Jeff Paduan, for the efforts in putting this special issue together. We hope it will both intro- 
duce you to this revolutionary tool and also foster your interest in coastal oceanography re- 
search, but with a somewhat different perspective than before this encounter. 

—Dennis B. Trizna and Robert E. Jensen 

Dennis B. Trizna, Office of Naval Research (Code 321SR); and Robert E. Jensen. USAE Waterways 
Experiment Station (CEWES-CN). 
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AWARD 

Thorpe Received 1997 Munk Award 

The 1997 winner of the Walter Munk Award for Distinguished Research in Oceanography Re- 
lated to Sound and the Sea has been announced by the U.S. Navy and TOS. The Award Selec- 
tion Committee has unanimously selected Dr. Stephen A. Thorpe of the Department of Oceanog- 
raphy, The University, Southampton, UK. 

Dr. Thorpe was selected for his outstanding work and many contributions to the understanding 
of ocean processes, including his pioneering measurements on the generation of ocean bubbles 
by breaking waves using high-frequency acoustics, his seminal work on Langmuir circulation, 
and his investigations of the structure of turbulence in tidal passes based on sidescan measure- 
ments of the surface of the ocean. He has also made very significant contributions to our under- 
standing of the role of bubbles in air/sea gas fluxes. The Selection Committee was very im- 
pressed with the insights Dr. Thorpe was able to develop on small scale physical oceanographic 
processes through the use of a relatively simple back-scatter sonar. He is recognized as an out- 
standing fluid dynamicist and physical oceanographer who has very effectively utilized acoustics 
to understand fundamental processes in the ocean. 

In keeping with Dr. Munk's contributions to ocean science, the award is granted jointly by The 
Oceanography Society, the Office of Naval Research, and the Oceanographer of the Navy for: 

• Significant original contributions to the understanding of physical ocean processes related to 
sound in the sea; 

• Significant original contributions to applications of acoustic methods to that understanding; 
and/or 

• Outstanding service that fosters research in ocean science and instrumentation contributing to 
the above. 

To date this internationally prestigious award has been presented, in accordance with the 
above criteria, to three other eminent scientists. 

• 1993 Dr. Walter Munk, Scripps Institution of Oceanography, USA 
• 1994 Dr. David Farmer, Institute of Ocean Sciences, Canada 
• 1996 Dr. Leonid Brekhovskikh, P. P. Shirshov Oceanology Institute, Russia 

This issue was made possible by the U.S. Army Corps of Engineers and the Department of 
the Navy: 

—Headquarters, U.S. Army Corps of Engineers (HQUSACE), under Civil Works Coastal 
Navigation Hydrodynamics Program Research Work Unit 32869, "Modeling the Evolution of 
Wave Spectra in Shallow Water." Funds were provided through the Coastal and Hydraulics 
Laboratory (CHL), U.S. Army Engineer Waterway Experiment Station. 

—Department of Navy grant N00014-97-1-0851 issued by the Office of Naval Research. 
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FEATURE 

INTRODUCTION TO HIGH-FREQUENCY 

RADAR: REALITY AND MYTH 

By Jeffrey D. Paduan and Hans C. Graber 

... we focus on the 

measurements of pri- 

mary interest to 

coastal oceanogra- 

phers . . . 

1 HE CONCEPT OF USING high-frequency (HF) 
radio pulses to remotely probe the ocean surface 
has been around for decades. In this paper and the 
companion paper by Teague et al. (1997) we 
strive to introduce this technique to a broad ocean- 
ographic audience. Teague et al. (1997) provides 
the historical context plus an outline of different 
system configurations, whereas we focus on the 
measurements of primary interest to coastal ocean- 
ographers, i.e., maps of near-surface currents, 
wave heights, and wind direction. Another goal of 
this paper and, indeed, this entire issue is to pres- 
ent a realistic assessment of the state-of-the-art in 
HF radar techniques vis-ä-vis coastal oceanogra- 
phy. When evaluating any new measurement tech- 
nique, it is important to separate issues related to 
system design from fundamental limitations of the 
technique. The former are engineering shortcom- 
ings, which are subject to continuous improve- 
ment. The latter are real limitations in the use of 
the particular geophysical signal in the presence of 
realistic noise. Most of the "myths" about HF 
radar measurements, in our view, stem from the 
confusion of these two issues. 

One common misconception about HF radar 
stems from the word "radar" itself. A more de- 
scriptive name would be HF "radio," as the HF 
portion of the electromagnetic spectrum is within 
the radio bands. Figure 1 shows a broad range of 
the electromagnetic spectrum, including the 
nomenclature commonly applied to different por- 
tions of the spectrum. The HF band, with frequen- 
cies of -3-30 MHz and wavelengths of -10-100 
m, sits between the spectral bands used for televi- 
sion and (AM) radio transmissions. Often, the term 
radar is applied to instruments operating in the mi- 
crowave portion of the spectrum, for which wave- 
lengths are measured in millimeters or centimeters. 

Throughout oceanography, many different in- 
struments exploit many different portions of the 

Jeffrey D. Paduan. Code OC/Pd. Naval Postgraduate 
School, Monterey, CA 93943, USA; Hans C. Graber. Rosen- 
sticl School of Marine and Atmospheric Science. University of 
Miami, Miami. FL 33149-1049. USA. 

electromagnetic spectrum. Figure 2 illustrates sev- 
eral of these remote sensing techniques used to ex- 
tract information about the ocean surface. The fig- 
ure is adapted from the review by Shearman 
(1981) and it contrasts space-borne systems, such 
as altimeters and scatterometers, which use mi- 
crowave frequencies, with shore-based systems, 
which use a range of frequencies depending on the 
application. (Not shown are aircraft-borne sys- 
tems, which also operate in the microwave band.) 
The figure also illustrates the different types of 
transmission paths, including true line-of-sight 
paths, "sky wave" paths, which reflect off the ioni- 
sphere, and "ground wave" paths, which exploit 
coupling of the radiowaves with the conducting 
ocean water to achieve extended ranges. For HF 
radars, instruments that operate using sky wave 
transmissions are often referred to as over-the- 
horizon (OTH) radars (e.g., Georges, 1980), al- 
though HF ground wave radars, which arc the 
major focus of this issue, also achieve beyond-the- 
horizon ranges. 

Reflection (or backscatter) of electromagnetic 
energy from the sea surface can be expected to 
produce an energy "spectrum" at the receiver, 
even if the energy source was single-frequency, 
because of the complicated shape and motion of 
the sea surface. Interpreting these spectral returns 
for various transmit frequencies is the key to ex- 
tracting information about the ocean. Many instru- 
ments rely on a resonant backscatter phenomenon 
known as "Bragg scattering," which results from 
coherent reflection of the transmitted energy by 
ocean surface waves whose wavelength is exactly 
one-half as long as the transmitted radar waves. 
The inset in Figure 2 attempts to illustrate this 
process by showing how energy reflected at one 
wave crest is precisely in phase with other energy 
that traveled \ wavelength down and { wavelength 
back to reflect from the next wave crest. These co- 
herent reflections result in a strong peak in the 
backscatter spectrum. Scatterometers exploit 
Bragg scattering from capillary waves (-1 cm) to 
obtain information about winds. HF radars, on the 
other hand, exploit Bragg scattering from surface 
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gravity waves (-10 m) to obtain information about 
currents (and winds). 

Measuring Currents 
The history of HF backscatter measurements is 

better outlined by Teague et al. (1997). We point 
to the work of Crombie (1955) as the first to iden- 
tify strong sea echoes in the HF band with reso- 
nant Bragg scattering. Bragg waves in the HF 
band happen to be "short" surface gravity waves, 
which can be assumed to be traveling as deep- 
water waves, except in very shallow depths of a 
few meters or less. This is important because it al- 
lows information contained in the Doppler shift of 
Bragg peaks to be used to estimate ocean currents. 

Figure 3 illustrates the Doppler technique for 
ocean current determination from HF radar 
backscatter. It shows an actual spectrum from the 
Ocean Surface Current Radar (OSCR) system. The 
spectrum contains obvious Bragg peaks due to the 
presence of Bragg waves traveling toward and 
away from the receiver. The frequencies of these 
peaks are offset from that of the transmitted en- 
ergy for the two following reasons: 1) the Bragg 
waves are moving with the deep-water phase 
speed given by c = V(g\/47r), where X is the wave 
length of the transmitted energy and g is the gravi- 
tational acceleration and 2) the Bragg waves are 
moved by the underlying ocean current. Because 
the expected Doppler shift due to the Bragg waves 
is known, any additional Doppler shift is attributed 
to the current as shown in Figure 3. 

It is important to keep in mind the following 
points about HF radar-derived currents: 1) a single 
radar site is capable of detecting only the compo- 
nent of flow traveling toward or away from the 
site for a given look angle; 2) the effective depth 
of the measurement depends on the depth of influ- 
ence of the Bragg waves and is quite shallow (~1 
m); 3) stable estimates require scattering from 
hundreds of wave crests plus ensemble averaging 
of the spectral returns, which sets the space-time 
resolution of the instruments; 4) the precision is 
limited by the frequency resolution of the Doppler 
spectrum and is typically 2-5 cm s~'; and 5) the 
accuracy is controlled by numerous factors, such 
as signal-to-noise ratios, pointing errors, and 
geometry. 

Because a single radar station measures only the 
component of flow along a radial beam emanating 
from the site, "radial" currents from two or more 
sites should be combined to form vector surface 
current estimates. Figure 4 illustrates this principle 
using radial data from two radar sites. It also illus- 
trates the "baseline problem" that occurs where 
both radar sites measure the same (or nearly the 
same) component of velocity, such as along the 
baseline between the sites or at great distances from 
both sites. Generally two radials must have an angle 
>30° and <150° to resolve the current vector. This 
geometric sensitivity is similar to the familiar geo- 
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Fig. 1: Electromagnetic spectrum showing the HF band relative to other radio wave 
bands and the broader spectrum. 

metric dilution of precision (GDOP) in the global 
positioning system (Chapman and Graber, 1997). If 
currents are assumed to be constant over several ra- 
dial bins, it is also possible to estimate velocities 
using a single radar site as was done by Bjorkstedt 
and Roughgarden (1997), although the GDOP-re- 
lated errors will be relatively large in this case. 

The current measurement by HF radars is close 
to a "true" surface current measurement. Because 
radar pulses scatter off ocean waves, the derived 
currents represent an integral over a depth that is 
proportional to the radar wavelength. Stewart and 
Joy (1974) show this depth to be ~d = X/Sir. Be- 
cause wavelength depends on the radar frequency, 
it is feasible to use multifrequency HF radars to 
estimate vertical shear in the top two meters of the 
ocean. 

Present system and coverage capabilities of HF 
radars are quite impressive. Measurements can be 
made in range as short as 1 km and as long as 150 
km from the shore at a resolution of -0.3-3 km 
along a radial beam. Radio interference or high sea 
states can limit the actual range at times as well as 

I he current mea- 

surement by HF 

radars is close to a 

"true" surface current 
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Fig. 2: Schematic representation of various remote 
sensing methods exploiting signals backscattered from 
the sea surface (adapted from Shearman, 1981). The 
inset illustrates the resonant Bragg scattering process 
that occurs due to reflection from waves whose wave- 
length is { as long as that of the incident energy. 

OCEANOGRAPHVVOI. 10, No. 2*1997 37 



. . . using ground 

wave HF radar sys- 

tems. . . it is also 

possible to extract in- 

formation about sur- 

face waves and 

winds . . . 

the ground conditions in the vicinity of the receive 
antennas. Wet and moist sandy soils enhance the 
ground wave propagation, whereas dry and rocky 
grounds reduce signal strengths. Typical azimuthal 
resolutions are -5°. Near the coast, this gives a 
measurement width of -0.5 km; the width is -10.0 
km at range cells 100 km offshore (Fig. 4). 

Measuring Winds and Waves 
Although the focus of this special issue, and 

many of the experiments using ground wave HF 
radar systems, is on surface currents, it is also 
possible to extract information about surface 
waves and winds from HF backscatter spectra. 
Wave techniques are discussed by Wyatt (1997) 
and by Graber and Heron (1997), whereas the 
method for extracting wind direction is discussed 
by Fernandez et al (1997). Very crudely, wave in- 
formation is obtained by fitting a model of surface 
wave backscatter to the observed second-order 
portion of the spectrum (Fig. 3). That portion is 
due to reflections from waves at all frequencies 
and not just the resonant Bragg waves. Wind di- 
rection, on the other hand, is related to the ratio of 
the strength of the advancing and receding Bragg 
peaks. 

System Configurations 
Although the basic scattering principle is the 

same for all existing HF radars, distinct differences 
are found in the antenna configurations that trans- 
mit and receive the electromagnetic signals. The 
compact antenna system utilized by the Coastal 
Ocean Dynamics Applications Radar (CODAR) 
consists of crossed loops and a whip for receiving 
and a whip for transmitting radio pulses (Barrick et 
al, 1977). This antenna system is small and lends 
itself for deployment in highly populated and 
rocky coastal areas (e.g., cover photos). Radars of 
this type have been in use in the Monterey Bay 
area (Paduan and Rosenfeld, 1996; Paduan and 
Cook, 1997) and, with modifications, in Germany 
(Essen et al, 1981). The omnidirectional character- 
istic of the cross-loop whip combination makes it 
possible to scan wider ocean sectors (e.g., Fig. 4), 
but this requires direction-finding techniques to de- 
termine angle for a given range cell (Lipa and Bar- 
rick, 1983; Barrick and Lipa, 1997). 

In contrast, linear phased-array antennas consist 
of numerous (typically 8-16) elements separated 
by one ocean wavelength and aligned normal to 
the principal receive direction (e.g., cover photos). 
These radars, such as the University of Miami's 
OSCR system, are positioned at the seaward edge 
of a beach or cliff and require open space up to 
100 m in length. The radio pulses are transmitted 
from a separate antenna array, which in the case of 
OSCR is a four-element Yagi array. Azimuthal 
resolution (direction) is obtained from well-estab- 
lished beam forming techniques. Other radars uti- 
lizing phased arrays are found in Germany (Gurgel 
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Fig. 3: Sample backscatter spectrum showing promi- 
nent Bragg peaks due to waves advancing toward and 
receding from the receiver. The smaller Dopper shift, 
Af is due to ocean currents that, in this example, are 
moving away from the receiver. 

and Antonischki, 1997), Japan (Hisaki, 1996), 
Australia (Heron et al, 1985), France (Forget et 
al, 1981), Canada (Howell and Walsh, 1993), and 
United Kingdom (Wyatt, 1986; Prandle, 1991). 

It is misleading to attempt to describe one HF 
radar configuration that will be optimum for all 
situations. Direction-finding (DF) and phased- 
array systems each have their advantages and dis- 
advantages. For example, DF systems like CODAR 
were developed to be able to deploy the antennas 
on a small coastal outcrop, or even on a building, 
where a long secure stretch of beach or cliff may 
not be available. In addition, the angular coverage 
from DF techniques is much greater than the, at 
most, 90° sector that is available using phased- 
array pointing techniques. 

At the same time, phased-array systems have 
important advantages over DF systems. Because the 
"beam" can be steered to a particular look direc- 

Fig. 4: Sample radial current coverage for a phased- 
array radar (site !) covering a 60° swath and a direc- 
tion-finding radar (site 2), which in principle can cover 
up to 360°. At overlapping ocean bins (e.g., O) a vector 
current estimate can be made, providing the angular 
separation between the radial currents is large enough. 
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tion, it is possible to collect backscatter spectra 
from a single patch of ocean (e.g., Fig. 3) and, 
thereby, infer surface wave characteristics from the 
second-order portions of the spectra. (DF systems, 
by contrast, collect spectra on the basis of ocean 
backscatter over an entire range cell, which ob- 
scures the wave information.) The determination of 
wind direction is also more straightforward when 
using individual spectra from phased-array systems. 

Conclusions 
The purpose of this special issue on HF radars 

is to describe in simple terms how the radars work 
and demonstrate the usefulness and capabilities of 
such instrument technology for today's problems 
in ocean research. The following short feature arti- 
cles present a wide variety of applications that are 
important in physical and biological oceanography 
in the coastal zone. Beyond their utility to the sci- 
entist, these measurements are also of great inter- 
est to both military and civilian coastal engineers, 
public safety officers, and planners who must 
maintain navigational seaways, mitigate ocean pol- 
lution, conduct search and rescue operations, and 
attempt to balance the health of coastal habitats, 
public access, and private property rights. 

The advantages of HF radar as a noninvasive 
measurement tool that can acquire vector surface 
current, wave, and wind information should be ob- 
vious. However, although the concept of this tech- 
nology is old, its acceptance in science, govern- 
ment, and industry has been slow. Today there is 
no reason not to develop better hardware and soft- 
ware components while, simultaneously, exploit- 
ing what existing systems can tell us about the 
ocean. By analogy, the acoustic Doppler current 
meter (ADCP) was, a few years ago, considered 
experimental and mysterious by many in the 
oceanographic community, whereas now its use is 
common. We are confident that the use of HF 
radars will also become commonplace and, as a 
result, a new level of understanding of the coastal 
ocean will be possible. 
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FEATURE 

HF RADAR INSTRUMENTS, 
PAST TO PRESENT 

By Calvin C. Teague, John. F. Vesecky 
and Daniel M. Fernandez 
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.ADAR RETURNS FROM the ocean surface have 
been observed since the earliest days of radar. 
They were characterized as "clutter" because they 
often obscured targets, such as ships or aircraft. 
However, Crombie (1955) observed that some 
high-frequency (HF, 3-30 MHz) signals recorded 
near the sea had a distinctive Doppler shift of a 
fraction of a hertz above and below the transmitted 
signal. He correctly deduced that they were the re- 
sult of Bragg scattering by ocean waves that were 
traveling radially toward or away from the radar 
and had a wavelength of one-half the radar wave- 
length. That observation launched the field that is 
now termed "radar oceanography," the use of 
radar systems to study oceanographic properties. 
Radar systems can be characterized by a number 
of parameters including operating frequency, 
geometry, platform, propagation mode, means of 
obtaining distance and angular resolution, etc. In 
the limited space of this paper only a few of the 
highlights of HF systems can be covered. For in- 
depth reviews, the reader is referred to articles by 
Croft (1972), Barrick (1978), and Shearman (1981, 
1983). 

Radar Operation 
An oceanographic radar differs somewhat from 

a radar intended to track ships or aircraft. First is 
the operating frequency; most aircraft radars oper- 
ate at microwave frequencies with wavelengths on 
the order of centimeters, whereas the radars that 
are the subject of this issue operate in the HF 
range with wavelengths of tens of meters. This is 
important because the energetic ocean waves inter- 
act directly with an HF radar signal rather than in- 
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directly as they do in microwave systems. Second, 
because the wavelengths are so large the directiv- 
ity that can be obtained by physical antennas is 
limited. Here we define directivity as a measure of 
the antenna array's capability to resolve a given 
direction. Third, direction scanning usually is con- 
fined to just azimuth, rather than azimuth and ele- 
vation. The main measurements performed by typ- 
ical HF radars are the range or distance to the 
target, the direction to the target as a bearing from 
some reference azimuth, the Doppler frequency of 
the target, and the power of the signal returned by 
the target. Here, the target is a patch of ocean. 

Distance Measurement 
Single pulse. The simplest means of determin- 

ing distance is to use a short pulse of radar energy. 
The range resolution is given by ct/2 where c is 
the velocity of light, 3 X 10s m s~', and t is the 
pulse width in seconds. A disadvantage of this 
technique is that if the pulse is short to obtain 
good range resolution, the average power transmit- 
ted power is low and so is the resulting signal-to- 
noise ratio of the received signal, thus limiting the 
radar range. 

Coded waveform. An alternative to a single 
pulse is a coded waveform. Figure 1 illustrates an 
11-element Barker code used to observe two tar- 
gets of unequal amplitudes. The radar transmits a 
sequence of short pulses coded so their autocorre- 
lation function has a single, sharp central peak and 
low sidelobes. The range resolution is determined 
by the width of the individual pulses but the aver- 
age power is raised by the number of pulses in the 
sequence. There are some limitations to this ap- 
proach, however. If the sequence is too long, 
short-range targets cannot be seen because a por- 
tion of the echo arrives while the later part of the 
sequence is still being transmitted. (Most radars 
cannot receive signals while they are transmitting, 
because of severe overloading of the receiver.) 
Figure 1 also illustrates another problem of coded 
waveforms; there can be spurious responses (range 
sidelobes) from strong targets. Both of these prob- 

40 OCRANOGRAPHY'VOI. 10, No. 2-1997 



lems can be reduced or eliminated by using more 
complicated waveforms, at the expense of addi- 
tional data processing. 

FMCW. Instead of transmitting short pulses, a 
radar can transmit a relatively long frequency- 
modulated (FM) continuous-wave (CW) signal as 
sketched in Figure 2. If the transmitted frequency 
is linearly swept and used as a reference for the re- 
ceived signals, a target at a particular range will 
produce a constant difference frequency whose 
value depends on its distance; more distant targets 
will produce higher frequencies. By analyzing the 
frequency content of the returned signal, targets at 
various ranges can be discerned. For most radars, 
the linear sweep is interrupted periodically to 
avoid overloading the receiver during reception of 
the echo. 

Doppler Measurement 
Doppler resolution, used to measure the veloc- 

ity of the target, is obtained by repeating the range 
measurements, whether single pulse, coded wave- 
form, or FMCW, at a regular rate and performing 
a time-series analysis on the samples obtained 
from each individual range measurement. A coher- 
ent integration time of T s provides a frequency 
resolution of roughly Af = 1/T Hz. The target ve- 
locity resolution, in turn, is given by Av = X.Af/2 
m s_1, where X is the radar wavelength in meters. 

Azimuth Angle Measurement 
Because of the long wavelengths involved, HF 

radars do not physically move antennas to look in 
different directions. Rather, they control the direc- 
tion to which they are sensitive electronically 
using a variety of techniques. 

Phased array. Conceptually, the simplest an- 
tenna system is a phased array of identical receiv- 
ing elements spaced no more than \/2 apart (to 
avoid severe sidelobes) with the line of the array 
perpendicular to the center of the desired set of 
beam directions. The beam is steered by adjusting 
the amplitude and phase of the signals from each 
of the elements and adding these signals coher- 
ently. The phase adjustment can be done using 
physical devices (coaxial cables, phase-shift net- 
works, etc.) or digitally in the data processing after 
the signals from each element have been sepa- 
rately recorded. The angular resolution that can be 
obtained from an array with a total aperture of D 
is roughly X/D radians. To obtain an angular reso- 
lution of 5° (0.1 radian), an aperture of 10X. is re- 
quired. In practice, it may not be possible to obtain 
enough area on a beach for this resolution, particu- 
larly at frequencies below 10 MHz. 

Synthetic aperture. At the low end of the HF 
spectrum, it is impractical to obtain any apprecia- 
ble directivity with a physical aperture. However, 
it is possible to use a technique borrowed from 
satellite technology, synthetic aperture. A simple 
antenna, for example, a loop or short whip, is car- 
ried along a straight line at a constant velocity that 

XCor 
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Fig. 1: Sketch of waveforms for a radar using an 11-element Barker code. 
The transmitted waveform (Tx) is at the top, followed by individual returns 
from two discrete targets (Tl, T2) of relative amplitude 1.0 and 0.5, their 
sum (Sum), and the cross-correlation function (XCor) between the received 
composite signal and the transmitted signal at the bottom. The two targets 
are clearly resolved. 

is less than the phase velocity of the Bragg-reso- 
nant ocean waves. The motion of the antenna 
spreads a narrow Bragg line into a band of direc- 
tion-dependent frequencies, and Fourier analysis 
of the signals can yield their direction of arrival if 
it is assumed that currents are insignificant com- 
pared with the phase velocity of the Bragg waves. 
This technique works best at low frequencies (2 
MHz, X. = 150 m) and apertures of up to 2 km 
have been synthesized this way (Tyler et al. 1974; 
Shearman 1981). 

Direction finding. An alternative to the beam- 
forming techniques is direction finding. The sig- 
nals from two or more relatively closely spaced 
(Crombie 1972) or even co-located (Barrick et 
al, 1977) antennas are compared, either in phase 
or amplitude. This is done at each frequency bin 
in the analysis bandwidth. With N antennas, it is 
possible to resolve at most N - 1 directions at 
each frequency. A significant advantage of this 
technique is that the antennas are much smaller 
than in a phased array. 

With all of these techniques, it is important 
that the amplitude and phase response of the an- 
tennas is very well known. Usually it is not suffi- 
cient to depend on ideal theoretical patterns or 
even electromagnetic modeling programs. An- 
tenna-ground planes, cables, buried conductors, 
fences, and finite ground conductivity all con- 
tribute to the antenna patterns and ultimately they 
must be measured, usually with a portable signal 
source or a transponder. As the desired directivity 
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Fig. 2: Sketch of transmitted and received signals for an FMCW system. The 
transmitted waveform is shown in red, with returns from two different tar- 
gets shown in green and blue. The frequency difference ( ) between the 
transmitted and received signals is constant with time and has a larger value 
for more distant targets. 

/Another significant 

result from this ex- 

periment was a mea- 

sure of the absolute 

value of the radar 

cross section of the 

ocean . . . 

increases, so does the required precision of the 
required antenna pattern measurement. 

Wave Measurements 
Early wave measurements were made using 

both monostatic (co-located transmitter and re- 
ceiver) and bistatic (separated transmitter and re- 
ceiver) geometries, radars located on land and on 
ships, various antenna configurations, and surface 
wave and sky wave (ionospheric) radio propaga- 
tion. Estimation of ocean wave parameters using 
surface-wave radars usually involves receiving 
first-order scattered signals from a wide range of 
angles and assumes that the sea is homogeneous 
over the area surveyed; sky-wave radars generally 
look in a narrow range of directions and make use 
of the second-order signals. A few key experi- 
ments are mentioned below. 

Bistatic Geometry 
In the late 1960s Allen Peterson of Stanford 

University collaborated with Walter Munk and Bill 
Nierenberg of the Scripps Institution of Oceanog- 
raphy to investigate techniques of using HF sur- 
face-wave radar to make oceanographic measure- 
ments over large areas. Under Office of Naval 
Research sponsorship, Peterson, C.C. Teague, and 
G.L. Tyler of the Radioscience Laboratory at Stan- 
ford began experiments along the northern Califor- 
nia coast using Prof. Peterson's weekend cottage at 
Sunset Beach (south of Santa Cruz) as a field site. 
These experiments led to the first HF radar mea- 
surements of directional wave spectra for ocean 

swell (Peterson et al., 1970). They employed a 
bistatic geometry, which made use of LORAN-A 
transmitters operating near 1.9 MHz. These trans- 
mitters, now removed from service, had a peak 
power of many hundreds of kilowatts and used 
short pulses, so they made an ideal transmitter for 
a radar system. By receiving the direct signal and 
echoes a few hundred kilometers from the trans- 
mitter, it was possible to map a portion of the 
ocean-wave directional spectrum to the received 
Doppler shift by assuming that the sea was homo- 
geneous over the observation region and that cur- 
rents were small (Teague, 1971). However, be- 
cause of gaps in coverage of the ocean wave 
spectrum, other techniques were sought. 

Synthetic Aperture 
Steady state. Several experiments were per- 

formed using a synthetic aperture receiving an- 
tenna in conjunction with LORAN-A transmit- 
ters. For these experiments, a small antenna was 
carried on a vehicle traveling in a straight line at 
a constant velocity close to the transmitter so that 
the geometry was essentially monostatic. In an 

experiment at Wake Island, a small island in the 
trade winds region, the directional distribution of 
77 m ocean waves was measured under fully de- 
veloped conditions (Tyler et al., 1974). The direc- 
tional distribution was found to be consistent with 
a cos' (6/2) form, with s in the range of 2-12, and 
with a small pedestal to account for ~\% of the 
wave energy traveling upwind. Another significant 
result from this experiment was a measure of the 
absolute value of the radar cross section of the 
ocean (Teague et al., 1975). This measurement 
was made by observing the ratio of the echo en- 
ergy to the direct energy from the transmitter a 
few kilometers from the receiver. Similar experi- 
ments were performed in the United Kingdom by 
Shearman et al. (1979) using a former LORAN-A 
transmitter in Wales. 

Wave growth and shadowing. An experiment 
complementary to Wake Island was performed at 
Galveston, TX, along a long straight coastline 
(Stewart and Teague, 1980). Observations were 
made after the wind had shifted from onshore to 
offshore and the wave growth with distance and 
time was measured, again using a nearby 
LORAN-A transmitter. In Southern California 
wave shadowing by San Clemente and San 
Nicholas Islands was reported by Vesecky et al. 
(1980). 

Phased Array 
A dual-frequency phased-array radar was oper- 

ated on the French Mediterranean coast by the 
University of Toulon (Broche, 1979) and used to 
estimate the significant wave height H1/3, dominant 
wave frequency, and wind direction. A similar 
radar was used by the Institut Francais du Petrole 
in the Shetland Islands (Shearman, 1983). A mul- 
tifrequency radar constructed at Stanford Univer- 
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sity was operated on a ship during the 1978 Joint 
Air-Sea Interaction (JASIN) experiment (Teague, 
1986). Although the emphasis in this issue is on 
surface-wave propagation, several sky-wave 
phased-array radars employing very narrow beam 
widths have been used. Maresca and Georges 
(1980) describe the 2.5 km Wide Aperture Re- 
search Facility (WARF) operated by SRI Interna- 
tional, and Georges and Harlan (1994) describe 
the use of military surveillance radars to obtain 
oceanic winds. 

Direction Finding 
In an early experiment Crombie et al. (1970) 

and Crombie (1972) used a multifrequency coher- 
ent radar with a pair of phased-receiving whip an- 
tennas to observe the growth of wave energy off- 
shore of Barbados. Using one antenna in a 
nondirectional mode, Crombie also observed small 
but significant wave energy traveling in opposition 
to the wind (Crombie et al, 1978). Direction-find- 
ing systems usually are used to measure currents 
rather than waves, as discussed in the next section. 

Wind Measurements 
Although HF radars do not directly respond to 

the wind, several researchers have estimated the 
direction and, in some cases, the speed of winds 
near the ocean surface by examining the signals 
scattered by the ocean waves raised in response to 
the wind. Long and Trizna (1973) used radar at 
Chesapeake Bay to map winds in the North At- 
lantic, and Stewart and Barnum (1975) evaluated 
the accuracy of that technique. Shearman and 
Wyatt (1982) describe the results of mapping 
winds during the JASIN experiment. Recent re- 
sults from an experiment conducted at Duck, NC 
in 1994 show wind direction maps obtained with 
OSCR (Fernandez et al, 1997). 

Current Measurements 
Recently there has been considerable emphasis 

on mapping ocean currents. By examining the co- 
herence between signals received on two closely 
spaced whips, Crombie (1972) observed that the 
phase of the coherence varied with Doppler fre- 
quency, implying that signals having different 
Doppler shifts were coming from different direc- 
tions, and interpreted this as viewing a uniform 
current from different aspect angles. This result 
led to the development of the Coastal Ocean Dy- 
namics Applications Radar (CODAR) (Barrick et 
al., 1977; Lipa and Barrick 1983), which is the 
subject of several papers in this issue (Barrick and 
Lipa, 1997; Bjorkstedt and Roughgarden, 1997; 
Paduan and Cook, 1997). The CODAR system ex- 
tends Crombie's direction-finding array to a com- 
pact set of co-located antennas and thus requires 
very little beach space for operation. Phased-array 
radars have also been used to measure currents. 
Stewart and Joy (1974) used a multifrequency 
radar on San Clemente Island to measure the ver- 

tical current shear at two bearings. Ha (1979) used 
the multifrequency Stanford radar with a highly 
directional transmitting antenna to measure cur- 
rents along its boresight and compared his mea- 
surements with drifting spar buoys. The same 
radar was used with a phased-array receiving an- 
tenna at Granite Canyon, south of Monterey, to 
study the effects of upwelling along the California 
coast (Fernandez, 1993; Shkedy et al, 1995; Fer- 
nandez et al, 1996). Maresca et al. (1980) exam- 
ined tidal currents in the San Francisco Bay. 
Building on work by the CODAR, NOAA Wave 
Propagation Laboratory, and Stanford groups, a 
new array type HF radar system for the commer- 
cial market was developed by Marex Ltd., Eng- 
land. This radar, called Ocean Surface Current 
Radar (OSCR), uses a 16-element antenna array 
~80 m long. OSCR instruments have been used 
for mapping tidal and residual surface currents 
along the coasts of Britain (Prandle, 1987). OSCR 
units have been sold in the United States; the 
Rosenstiel School of Marine and Atmospheric 
Science of the University of Miami used a pair of 
OSCR radars for coastal observations in a number 
of locations (Shay et al., 1995; Graber et al, 
1996). A new multifrequency radar was con- 
structed jointly by the University of Michigan, the 
Environmental Institute of Michigan, and Stanford 
and is in operation at Santa Cruz, CA. 

Conclusions 
Over the past 25 years HF radar systems have 

been used to measure the directional distribution 
of wave energy in the open ocean, the growth of 
waves offshore after a sudden change in wind di- 
rection because of a frontal passage, ocean current 
shear from a ship in the open ocean, and current 
and current shear from land-based locations. With 
proper calibration and data processing, HF radar is 
capable of providing wide-area measurements that 
are difficult or impossible to make any other way, 
and the radar data can provide useful supplements 
to conventional oceanographic measurements. 
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FEATURE 

SYNOPTIC MEASUREMENT OF DYNAMIC 
OCEANIC FEATURES 

By Brian K. Haus, Hans C. Graber 
and Lynn K. Shay 

O HORE-BASED RADAR systems operating at the 
high-frequency (HF) mode are becoming a widely 
used and accepted tool for measuring surface cur- 
rents for coastal oceanographic research. Their his- 
tory, theory of operation, and accuracy relative to 
other sensors are discussed elsewhere in this issue. 
We will focus on the advantages of the HF radar 
sampling strategy. 

The Ocean Surface Current Radar (OSCR) HF 
(25.4 MHz) radar provides a time series of surface 
currents at each of its 700 measurement cells. Cur- 
rent velocities have been reported to agree with 
moorings and shipboard current observations to 
within 10-15% over a wide range of conditions by 
Matthews et al. (1987), Shay et al. (1995), Chap- 
man et al. (1997) and Graber et al. (1997). This 
order of agreement between sensors is obtained 
even though there are considerable differences in 
measurement depth and spatial and temporal sam- 
pling resolution. The advantage of HF radars is 
their capability to sample a large region synopti- 
cally at a resolution on the order of 1 km, which 
provides maps of dynamic flow features that can 
greatly enhance understanding of important 
oceanic processes. 

Four different OSCR experiments conducted 
between 1993 and 1996 will be discussed in the 
context of the different types of oceanic processes 
that can be effectively sampled. In each of these 
experiments the OSCR system was used in con- 
junction with in situ observations, which greatly 
enhance the utility of the measurements. 

Gulf Stream Frontal Features and Mesoscale 
Eddies 

Strong reversals in current meter records were 
first associated with cyclonic eddies that form 
along the inshore edge of the Florida Current by 
Lee (1975). A synoptic picture of these spin-off 
eddies was obtained using OSCR in a joint study 

Brian K. Haus, Hans C. Graber, and Lynn K. Shay, Rosen- 
stiel School of Marine and Atmospheric Science, University of 
Miami, 4600 Rickenbacker Causeway, Miami, FL 33149- 
1049, USA. 

on pollution transport and fish larvae recruitment 
off the Florida Keys during May 1994 (Fig. 1). 
Numerous small scale eddies entered the OSCR 
domain from the west and exited to the east. These 
eddies traversed the domain on a timescale of 
every 2-5 d. The surface expression of these fea- 
tures was easily detected in the OSCR current 
maps. Vortex-like circulation features were identi- 
fied with a diameter of 10-30 km and swirl speeds 
of 10-50 cm s"1 (Graber et al. 1995). The path of 
the spin-off eddies was generally along the 150-m 
isobath, which is marked by the presence of the 
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Fig. 1: Surface currents measured using OSCR off the Florida Keys on 24 
May 1994 at 0000 GMT. "Master" and "Slave" denote the locations of the 
two radar stations required to measure vector currents. Looe Key, American 
Shoals, and East Sambo are shallow coral reefs where bottom-mounted cur- 
rent meters were located. The bathymetry drops off sharply outside these 
reefs. 
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Fig. 2: Surface currents measured using OSCR during the HighRes-II exper- 
iment on 1500 UTC 20 June 1993. V, positions of current meter moorings; 
A, National Data Buoy Center wave buoys. Note the strong frontal feature 
in the center of the domain that resulted from the collision of two water 
masses. 
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Fig. 3: Detided along-shelf velocities measured by OSCR during the 
DUCK94 experiment in October 1994. Negative velocities denote flow to- 
ward the southeast in the direction of Kelvin wave propagation. 

SouthEast Florida And Caribbean Recruitment 
program (SEFCAR) buoy in Figure 1, and their 
propagation speed was ~1 km/h. 

Limouzy-Paris et al. (1997) used these mea- 
surements to study the translocation of coral reef 
fish larvae. The OSCR surface current maps pro- 
vided the time, length, and velocity scales of the 
small scale eddies. Combining these maps with bi- 
ological measurements of abundance was useful 
for assessing the recruitment and translocation pat- 
terns of coral reef fish larvae in ways that were not 
possible by conventional measurement techniques 
(see Graber and Limouzy-Paris, 1997, this issue). 

During the high resolution remote sensing ex- 
periment (HighRes-II) experiment off the Outer 
Banks of North Carolina, the OSCR system was 
operated for 1 mo. The measurement region was 
strongly impacted by the position of the "North 
Wall" of the Gulf Stream. In Figure 2 the surface 
currents when the Gulf Stream meandered closer 
to shore are shown. The OSCR can clearly show 
the shear in this region as well as frontal features. 
Convergence and divergence of surface currents 
can be identified, precisely located, and quantified 
using the OSCR data. This is very useful for inter- 
preting interferometric synthetic aperture radar 
(INSAR) images, because they are strongly influ- 
enced by surface currents that may concentrate or 
diffuse wave energy (Graber et al. 1996). The in- 
creased concentration of surfactant material in a 
convergence zone can also have a strong influence 
on short ocean surface waves. 

Although other remote sensing techniques such 
as advanced very high resolution radiometer 
(AVHRR) could also show the position of the 
Gulf Stream North Wall, the presence of flow fea- 
tures is not always marked by temperature 
changes. This is the case with the buoyant coastal 
current emanating from the Chesapeake Bay (dis- 
cussed in the next section), which did not have a 
significant temperature difference from the ambi- 
ent shelf water during October 1994. Multispectral 
sensors would be required to identify this type of 
frontal boundary. 

Coastal Buoyancy Current 
A series of OSCR observations were obtained 

during the DUCK94 experiment at the U.S. Army 
Corps of Engineers Field Research Facility at 
Duck, NC, in October 1994 (Haus et al, 1995). 
Three periods of downwelling favorable winds 
(>10 m s~') were observed during the month of 
measurements. 

During downwelling favorable winds, buoyant 
water that is propagating at increased speeds rela- 
tive to the ambient shelf water is forced against 
the coast and becomes organized into a coastal 
current (Fig. 3). The coastal current reacts rapidly 
to shifts in the wind direction. The offshore edge 
of the buoyant flow moved 5 km closer to shore 
over a period of 6 h on 10 October 1994 when the 
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wind turned more onshore. This corresponds to a 
frontal propagation speed relative to the ground of 
23 cm s"1. The coastal current has a large degree 
of variability in the along-shelf direction; bulges 
and gaps are observed even during periods of con- 
sistent downwelling winds. When the buoyant jet 
was forced close to the coast during the three 
strong downwelling events, salinity measurements 
at moorings show that the buoyant flow may con- 
tact the bottom (Haus et al, 1996). 

It is clear from the surface current maps that under 
varying wind regimes, buoyancy and wind forcing in- 
teract to drive nearshore circulation patterns. Hickey 
and Hamilton (1980) used a spin-up model of the 
Washington-Oregon shelf to determine that the buoy- 
ancy flow could become detached from the shelf dur- 
ing upwelling winds. Khourafalou et al. (1996) used 
a 3-D Blumberg-Mellor model for the circulation of 
the south Atlantic bight to simulate the effects of 
wind and discharge rates on a coastal buoyancy cur- 
rent. They found that it is possible to have a south- 
ward flowing buoyancy current in nearshore waters 
opposing the predominant wind direction, particularly 
during periods of strong runoff and light upwelling 
winds. The OSCR surface current maps collected 
during DUCK94 show the advection of low salinity 
water up to 35-km offshore during upwelling winds. 
Nearshore water was also observed moving south- 
ward against the wind direction consistent with the 
model of Khourafalou et al. (1996). 

Miinchow and Garvine (1993) showed that the 
Delaware Bay coastal current contacts the bottom in 
the absence of upwelling favorable winds. They con- 
trasted this with previous work on the Chesapeake 
Bay outflow that had showed a thin layer of buoyant 
flow. The ratio of the horizontal shear to the Coriolis 
parameter was of order one in the source region near 
the estuary mouth. Further downstream in the coastal 
current region, they found that this ratio was much 
smaller. Our results for the spatial distribution of this 
ratio show a much more complex picture of the 
coastal current shear. Under both wind regimes there 
are regions of high lateral shear where the ratio is 
0(1). The water mass boundaries are much sharper 
and lead to higher shear than Miinchow and Garvine 
(1993) suggest. The high resolution of the OSCR 
fields and the ability to accurately define the vorticity 
from gridded surface current fields allows the obser- 
vation of these localized regions of high lateral shear. 

The value of synoptic surface current measure- 
ments when used in combination with moorings or 
shipboard profilers is obvious in the spatial varia- 
tion of the position and speed of the buoyant 
coastal current. There is no way to select a single 
location or even a transect that would adequately 
describe the behavior of the coastal current in this 
region, even though the coastline is relatively 
straight and there are no large bathymetric fea- 
tures. A shipboard survey can cover the region, but 
it would take a least a day to traverse the nearshore 
(within 20 km of the coast) enough times to define 
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Fig. 4: Surface currents measured by OSCR during the COPE experiment on 
1800 UTC 19 September 1996. The currents shown were measured during a 
tidal Inflow Into Chesapeake Bay. 

the jet shape as it moves along the coast. With a 
large degree of changes occurring to the jet posi- 
tion and shape in only 6 h, an inaccurate picture of 
the coastal current behavior would result. During 
accelerating or decelerating flow a ship survey run- 
ning two transects at the northern and southern 
reaches of the OSCR domain would reach different 
conclusions on the change in the width of the 
coastal current depending on the order in which the 
transects were conducted. Matthews (1997) simu- 
lated processes such as mesoscale eddies and 
frontal meanders and showed that a shipboard sur- 
vey using towed instruments led to a 40-50% in- 
crease in the root mean square (rms) error because 
of temporal changes in the features. 

Estuarine-Shelf Interactions 
The Chesapeake outfall plume experiment 

(COPE) was conducted using the OSCR HF radar 
just south of the Chesapeake Bay mouth in October 
1996. The surface currents without tidal con- 
stituents removed are shown in Figure 4 for a tidal 
flow moving into Chesapeake Bay. There is a very 
complex flow pattern during the incoming tide that 
is strongly influenced by the local bathymetry and 
wind direction. The overall flow is toward the 
south, with westerly inflow occurring offshore of 
the mouth. There are indications that there is flow 
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exiting the mouth very close to the master site at 
Cape Henry, VA. There is also a divergence region 
between flow moving into the bay and the ambient 
southward flow at 36°51'N and 75°54'W. Faster 
moving nearshore flow is most likely because of the 
buoyancy forcing on fresher water that has exited 
the estuary. The complexity of these flow patterns 
emphasizes the difficulty in making in situ observa- 
tions that are representative of the entire flow field. 

Conclusion 
HF radars are a valuable tools for measuring 

ocean processes in a variety of dynamic regimes. 
The synoptic coverage and well-defined sampling 
location and interval of the radar measurements 
are very useful for quantifying tidal flow patterns, 
submesoscale eddies, coastal buoyancy currents, 
and estuarine-shelf exchange processes. This is by 
no means an exhaustive list of the applications of 
HF radar technology to coastal oceanographic re- 
search. The OSCR system can provide valuable re- 
gional surface current vectors and wave height in- 
formation. However, combining remote sensing 
with in situ observations of important parameters 
of interest, such as the vertical current structure, 
salinity, or larval concentrations, can lead to new 
insights in coastal and biological oceanography. 
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FEATURE 

MAPPING SURFACE CURRENTS 
IN MONTEREY BAY WITH 
CODAR-TYPE HF RADAR 

By Jeffrey D. Paduan and Michael S. Cook 

H, LIGH-FREQUENCY (HF) radar measurements have 
been employed around Monterey Bay, CA, to 
measure ocean surface currents since February 
1992. The first array consisted of two older-gener- 
ation CODAR instruments located at sites near 
Monterey in the south and Moss Landing, halfway 
around the bay to the north (Front Cover; Fig. 1). 
In 1994, the southern site was replaced with a 
newer-generation SeaSonde system at Pt. Pinos 
and a similar unit was installed near Santa Cruz on 
the northern shore of Monterey Bay. Finally, in 
1996, the CODAR system in Moss Landing was 
replaced by a modern SeaSonde unit. 

Several months time series of two-dimensional 
surface currents have been collected for Monterey 
Bay since the first CODAR units were installed. 
These data represent the most extensive measure- 
ments collected to date from compact, direction- 
finding HF radar systems (Barrick and Lipa, 1997; 
Paduan and Graber, 1997). Indeed, Monterey Bay 
is the only location where continuous HF radar 
measurements are underway. The geometry of the 
bay (a curving coastline with a radius of -20 km) 
is ideal for a multisite HF radar network. The 
overwater distance is close to the typical radar 
range and, when three or more shore locations are 
utilized, the entire region can be observed without 
lost coverage along the baseline between radar 
sites. 

This geometry also makes Monterey Bay well 
suited for validation and development of the algo- 
rithms for currents, waves, and wind direction be- 
cause a large ocean region is oversampled. Not 
only can in situ measurements within this region 
be compared with the remotely sensed estimates, 
but self-consistency (or lack thereof) in the HF 
radar measurements can be used to characterize er- 
rors in the radar data (Melton, 1995). 

Jeffrey D. Paduan and Michael S. Cook, Oceanography 
Department, Code OC/Pd, Naval Postgraduate School, Mon- 
terey, CA 93943, USA. 

Dominant Current Patterns 
Surface currents around Monterey Bay have 

strong modes of variability that are well separated 
in terms of the process timescales. At the longer 
timescales (weeks to months), the HF radar-de- 
rived currents show mesoscale patterns that evolve 
with major wind reversals and the proximity of 
mesoscale eddies (Paduan and Rosenfeld, 1996). 
At the shorter timescales, current fluctuations are 
dominated by semidiurnal tidal forcing and diurnal 
wind (seabreeze) forcing (Foster, 1993; Petruncio, 
1993). 

Subtidal Current Patterns 
Paduan and Rosenfeld (1996) compared five 

month-long time series of radar-derived current 
with moored current observations at the Monterey 
Bay Aquarium Research Institute (MBARI) moor- 
ing site Ml (Fig. 1). Both time series were low- 
pass filtered to remove diurnal and shorter-period 
fluctuations revealing significant correlation domi- 
nated by reversals in the alongshore flow on 
timescales of a few weeks. These surface current 
reversals are related to the wind and to cross-shore 
movement of a warm-core eddy feature often ob- 
served near Monterey Bay. 

A major advantage of HF radar measurements 
is their ability to describe these processes in two 
dimensions. Complicating this description, how- 
ever, is the rapid response of the ~1 m currents to 
changes in the wind. The agreement between 
radar-derived current and deeper flow, or between 
radar-derived current patterns and temperature pat- 
terns, can depend on the elapsed time since the 
last major wind shift. 

An example of the subtidal-period surface cur- 
rent pattern during upwelling conditions is shown 
on the cover of this issue, together with satellite- 
derived sea surface temperatures. Several recurring 
features of the summertime circulation are evident 
in that figure, including cyclonic flow within Mon- 
terey Bay, strong equatorward flow across the 
mouth of the Bay coincident with a plume of up- 
welled water originating from further north, and 
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Fig. 1: Monterey Bay HF radar network showing nominal coverage areas for the 12.5 
MHz antennae at Santa Cruz ( ) and Pt. Pinos ( ) and the 25.4 MHz antenna at 
Moss Landing. MBARI (Ml) and NOAA (46042) mooring locations are also shown (O). 

anticyclonic flow offshore associated with a warm- 
core mesoscale feature (Rosenfeld et al., 1994). 

An example of the time variable nature of the 
subtidal current patterns can be seen later in the 
five month-long record from 1994. Winds mea- 
sured at the offshore National Oceanic and Atmo- 
spheric Administration (NOAA) buoy 46042 and 
at the M1 mooring are shown in Figure 2 for a 3- 
wk period in the Fall. The records show up- 
welling-favorable, equatorward winds interrupted 
by periods of poleward wind lasting 1-2 d. The 
Ml site also shows significant diurnal variability 
as discussed in the next section. The only clear 
satellite images available between 1-10 November 
1994 are from 3 and 8 November at the times in- 
dicated on Figure 2. Daily averaged HF radar cur- 
rents are shown together with these images on Fig- 
ure 3. 

Interpretation of the temperature-current com- 
parisons in Figure 3 benefits from our knowledge 
of the wind history. The image from 3 November 
follows a long period of upwelling-favorable 
winds. A broad band of cold water is seen along 
the coast and across the mouth of Monterey Bay. 
Radar-derived surface currents from this day show 
strong, smoothly varying equatorward flow that 
follows an anticyclonic arc around the warm fea- 
ture at the offshore side of the region. 

rladar-derived sur- 

face currents from 

this day show strong, 

smoothly varying 

equatorward flow . . . 

After rapid wind reversal on 4 November, 
radar-derived current patterns (not shown) quickly 
develop regions of poleward flow and a lot of sub- 
mesoscale (-10 km) structure. The poleward flow 
develops first along the coast. The response 
timescale of the temperature field after a wind re- 
versal is longer than that of the ~1 m velocity 
field. For this example, daily averaged currents at 
the end of the poleward wind event on 6 Novem- 
ber (Fig. 2) show better correlation with the fea- 
tures in the temperature field of 8 November than 
do contemporaneous currents. The comparison on 
Figure 3 shows how cold water flooding into Mon- 
terey Bay from the south changed the surface tem- 
peratures in the Bay between 3 November and 8 
November. 

Semidiurnal Tidal Currents 
In addition to the subtidal-period motions, sur- 

face currents around Monterey Bay exhibit strong 
fluctuations with periods in the tidal bands. The 
ability to map these fluctuations using HF radar has 
led to a clearer understanding of the source of these 
motions. For example, the spatial patterns differ 
markedly for motions with semidiurnal and diurnal 
periods. The semidiurnal-period motions are largely 
due to forcing by the dominant M2 (12.4 h) tidal 
constituent. Diurnal motions, on the other hand, are 
largely explained by fluctuations of the wind at, ap- 
proximately, diurnal (-24 h) periods. 

Evidence for tidal forcing of semidiurnal cur- 
rents can be seen in Figure 4, which presents tidal 
ellipses resulting from harmonic analyses (e.g., 
Godin, 1972) of the currents at each radar grid 
point for the month of August 1994. For the semi- 
diurnal (M2) currents, there is a clear relationship 
between the ellipse size and orientation and the 
bathymetry of the Monterey Submarine Canyon. 
Ellipses are largest over the head of the canyon 
near Moss Landing and the orientations of their 
major axes tend to align with topography on either 
side of the canyon axis. This structure was first 
seen in two-site COD AR data from 1992 (Petrun- 
cio, 1993). In addition to the correlation with 
topography, the phases of the M2 currents are 
such that water flows out of Monterey Bay at the 
surface during times of rising sea level. This rela- 
tionship is counter to that expected for barotropic 
currents successively filling and emptying the bay 
each tidal cycle. Clearly, the observed M2 currents 
are surface manifestations of internal (baroclinic) 
tidal motions driven by the interaction of sea level 
oscillations and depth changes along the continen- 
tal margin. Petruncio et al. (1997) describe field 
measurements that confirm that large amplitude in- 
ternal waves of semidiurnal period fill the lower 
few hundred meters of the Monterey Submarine 
Canyon. This also explains why, at the surface, the 
semidiurnal current oscillations associated with 
these waves are strong where the energy intersects 
the surface (near the coast and far offshore) and 
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Fig. 2: Wind velocity from NOAA buoy 46042 and 
MBARI mooring Ml in 1994. Vertical lines denote 
times of satellite temperature images and HF radar 
currents in Figure 3. Current measurements on the 
later image are centered 41 h before the image ( ). 

weak directly over the deep generation region 
(near the mouth of Monterey Bay). 

Diurnal Wind Driven Currents 
In stark contrast to the pattern of current oscilla- 

tions with semidiurnal periods, the diurnal-period 
surface currents exhibit fairly uniform motions. The 
Kl (23.9 h) "tidal" ellipses in Figure 4 show large 
(-20 cm s"1) oscillations with major axes aligned, 
primarily, in the northwest-southeast direction. This 
direction mimics that of the Salinas Valley, which 
is open to the sea near Moss Landing. Relatively 
strong heating inland drives a Seabreeze flow most 
afternoons that is strongest at the coast, but still 
substantial over the ocean at the Ml mooring site 
and, to a lesser degree, at NOAA buoy 46042. The 
Kl wind oscillations at these offshore sites during 
August 1994 are also shown on Figure 4. 

The Seabreeze cycle in the winds is a broad- 
band process centered near the diurnal period. 
Harmonic analyses of coastal surface currents at 
periods close to the diurnal period are dominated 
by this wind forcing. Other important observations 
from the Kl ellipses in Figure 4 that deserve fur- 
ther study include the following: 1) the apparent 
clockwise rotation of the surface Kl currents rela- 
tive to the wind (this -45° rotation is in keeping 
with the Ekman theory, but steady-state Ekman 
balance is not required for these rapidly changing 
currents); 2) the rapid decay with depth of the di- 
urnal motions at the Ml mooring site (this is in 
keeping with the downward transfer of momentum 
from wind to currents; the amplitude at 10 m on 
the mooring is 5 times less than the amplitude at 
-1 m); and 3) the reduction of Kl oscillations 
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Fig. 3: Uncorrected sea surface temperatures from AVHRRfor 0200 GMT, 3 Novem- 
ber 1994 (top) and 0500 GMT, 8 November 1994 (bottom) with daily averaged, 
radar-derived surface currents centered on the image time (top) and 41 h before the 
image (bottom). Locations of the coastal radar sites and the offshore MBARI mooring 
Ml and NOAA buoy 46042 are also shown (0). 

near the coast (this is in keeping with the expecta- 
tion that currents will be inhibited by the bound- 
ary at some point as the coast is approached). 

Looking again at the M2 tidal ellipses, we note 
that the M2 currents at 10-m depth at the mooring 
site are of comparable magnitude to those mea- 
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Fig. 4: Tidal ellipses at M2 (12.4 h; left) and Kl (23.9 h; right) periods from HF radar currents at ~l m (green), 
ADCP currents at 10 m at the Ml mooring (red), and wind at the Ml mooring and NOAA buoy 46042 (magenta) for 
the month of August 1994. Lines emanating from the center of the ellipses denote the flow direction at the time of 

high coastal sea level for each constituent. 
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sured at ~1 m using HF radars. This is further evi- 
dence that diurnal oscillations observed by the 
radar network are accurate representations of a 
near-surface process related to wind forcing, 
whereas the semidiurnal oscillations have longer 
vertical scales and are related to the shape of the 
local bathymetry. 

Conclusions 
In summary, we have looked at several applica- 

tions of direction-finding HF radar measurements 
to the study of coastal surface currents around 
Monterey Bay. Evidence pointing to the utility of 
these remotely sensed data is overwhelming. In no 
other (practical) way is it possible to obtain two- 
dimensional current maps on hourly timescales for 
periods of months on end. 

In our area, low-pass-filtered current maps help to 
describe the evolution of coastal upwelling filaments 
after reversals of the along-coast wind. This circula- 
tion is critical to the distribution of nutrients in the 
coastal zone, and to the transport of surface dwelling 
larvae (Bjorkstedt and Roughgarden, 1997). Surface 
currents respond more quickly to wind changes than 
do temperatures, a fact which points out the need to 
use HF radar data in a manner consistent with the 
very near-surface nature of the measurement (Chap- 
man and Graber, 1997). At higher frequencies, the 
HF radar data clearly distinguish the effects of tidal 
and wind-driven forcing for semidiurnal- and diur- 
nal-period motions, respectively. 

Finally, we note that the Monterey Bay HF 
radar network provides an ideal natural laboratory 
for the study of these coastal processes. It is also 
ideally suited to investigation of the accuracy of 
algorithms applied to HF backscatter spectra, such 
as the new direction-finding technique described 
by Barrick and Lipa (1997). 
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FEATURE 

THE COASTAL JET: OBSERVATIONS OF 
SURFACE CURRENTS OVER THE OREGON 
CONTINENTAL SHELF FROM HF RADAR 

By P. Michael Kosro, John A. Barth 
and P. Ted Strub 

T HE OCEAN CIRCULATION over the Oregon shelf 
during spring and summer is dominated by the ef- 
fects of coastal upwelling. Equatorward winds 
drive an offshore Ekman transport in the surface 
layer, which produces divergent flow at the coast 
and the upwelling of deeper, colder, nutrient-en- 
hanced waters (Huyer, 1990). At the surface, the 
boundary between the upwelled and oceanic wa- 
ters is often a front, and the upwelling-induced 
horizontal density gradients support an equator- 
ward coastal jet (Mooers et al, 1976). The annual 
onset of persistent upwelling conditions often oc- 
curs abruptly in an event called the spring transi- 
tion (Huyer, et al., 1979; Strub, et al, 1987), 
which is characterized by a persistent drop in 
coastal sea level and a tendency to persistence of 
equatorward wind forcing (punctuated by occa- 
sional wind reversals). Although fluctuations in the 
alongshore current have been shown to be coher- 
ent over large alongshore scales (Huyer et al., 
1975), the local spatial variations in the currents 
are not well known, mainly due to our past inabil- 
ity to map the current field at high resolution in 
both space and time. 

Radar and Conventional Measurements 
The Ocean Surface Current Radar (OSCR), 

manufactured by GEC Marconi, is a phased-array 
HF radar system designed for mapping of surface 
currents in the coastal ocean. During 11-17 May 
1995 an OSCR, broadcasting at 25.4 MHz, was 
operated from sites near Bandon, Oregon 
(43.22°N, 124.39°W and 43.12°N, 124.43°W; see 
Fig. 1). Site selection (balancing the needs for se- 
curity, access, ocean coverage, proximity to the 
water, land-owner permissions, and sufficient free 
space to set up the ~100-m-long OSCR receive 
antennas) resulted in sites separated by only 12 

P. Michael Kosro, John A. Barth and P. Ted Strub, College 
of Oceanic & Atmospheric Sciences, Oregon State University, 
104 Ocean Admin. Bldg., Corvallis, OR 97331-5503, USA. 

km. This separation limited the resulting range to 
25-35 km (depending on screening criteria), and 
the geometrical accuracy at longer range. Never- 
theless, the radar typically measured radial data to 
the edge of the continental shelf. The percentage 
of data return was nearly uniform with azimuth 
angle, although some very near coast cells 
showed low rates of valid returns. In support of 
the radar verification, a 307-kHz narrow-band 
Acoustic Doppler Current Profiler (ADCP) was 
moored looking upward from a near-bottom float 
in -90 m of water (43.16°N, 124.56°W, Fig. 1) on 
15 May from the fishing vessel Gemini. During 
17-19 May, an in situ high-resolution survey was 
conducted in the region from R/V Wecoma, using 
CTDs mounted in SeaSoar, a towed, undulating 
vehicle (Barth and Smith, 1997). Both activities 
were originally scheduled to fully overlap with 
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Fig. 1: Example of OSCR map of surface currents at 
experimental site near Bandon, Oregon, from 12 May 
1995, at 10:20 UT. Locations of the two radar sites 
(circles), of the upward-looking ADCP (square) and of 
the CMAN wind station (CAR03, triangle) are marked. 
Depth contours are in meters. 
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Fig. 2: (A) Hourly winds at Cape Arago C-MAN sta- 
tion (CAR03, Fig. 1) during 11-18 May 1995. (B) 
Eastward current measured by the ADCP at 7-m sub- 
surface depth (darkest black line), 11 m, 14 m, and 18 
m (lighter black lines), and by radar at the surface in 
cells nearest to the ADCP (red line) and at four adja- 
cent cells (blue lines). (C) Same for northward current. 

the radar deployment, but last-minute delays in 
the ship's schedule shortened overlap consider- 
ably. 

Observations Near the Mooring 
Winds were variable but generally downwelling 

favorable at the start of the radar deployment, dur- 
ing 11 and 12 May (Fig. 2). During this period, 
the time series of radar surface currents near the 
mooring position (Fig. 2) were dominated by os- 
cillations of the semidiurnal tide, with amplitude 

of 0(0.4 m/s) in each component and with the ve- 
locity vector rotating clockwise with time. 

On 13 May, the winds turned upwelling favor- 
able. The ocean response was like a spring transi- 
tion—within half a day, the alongshore radar cur- 
rents at the mooring site, initially weak in the 
mean, began to accelerate linearly with time to the 
south, eventually achieving speeds of 0(0.7 m s_l), 
consistent with the spin-up of the equatorward 
coastal jet. 

During their brief overlap (Fig. 2), the highest 
correlations between the OSCR and the ADCP 
were found for ADCP velocities at 7 m (the shal- 
lowest uncontaminated measurements) and radar 
velocities at cells close to, but not exactly at, the 
one expected to lie over the mooring, probably 
due to uncertainties in the radar geometry caused 
by variations in the antennas and in propagation 
characteristics. Radial ADCP and radar currents 
showed correlations of 0.84 and 0.78, and root- 
mean-square (rms) differences of 12.6 and 16.2 
cm s"', respectively, for radial currents directed to- 
ward sites 1 and 2. Some of the differences can be 
explained by extending the vertical shear in the 
shallowest ADCP measurements to the surface 
(e.g., period around 0000 UT on 17 May); how- 
ever, at other times, the ADCP does not observe a 
shear below 7-m depth, which is sufficient to ex- 
plain the difference in the two measurements (e.g., 
0600 UT on 16 May). 

Near-Surface Maps 
Does the southward acceleration observed on 

the 13-14 May correspond to the spin-up of the 
coastal jet and the onset of upwelling? The record 
from satellite Advanced High Resolution Radiome- 
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Fig. 3. Left: NOAA AVHRR image of sea surface temperature for 0200 UT on 18 May 1995. Light shades corre- 
spond to cold temperatures. Right: enlargement of boxed region from left panel, with tidal average of currents from 
the end of the deployment (0240 to 1500 UT on 17 May 1995). Current speeds are color coded from blue (lowest) to 

red (highest). 
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ter (AVHRR) images of sea surface temperature is 
very intermittent due to clouds, but the first clear 
image following the southward acceleration (Fig. 
3) is also the first image of spring 1995 to clearly 
show a band of cold water along the coast. More- 
over, when the surface current field from the radar 
is overlaid on the satellite AVHRR image of sea 
surface temperature (Fig. 3), the identification of 
the strong radar currents with the coastal jet is 
clear. At this time, the core of the jet is directed 
along 210°T, paralleling the front of cold, coastally 
upwelled water seen in the satellite image and the 
local isobaths north of 43.2°N. The core speed of 
the jet decreases markedly over the sampling re- 
gion, entering at 0.9 m s~' in the northeast, centered 
just inshore of the 100-m isobath, and slowing to 
0.6 m s"1 as it exits the region 20 km to the south- 
west and offshore of the 100-m isobath. The cross- 
shore width of the jet, if defined by the region 
moving at least 0.5 m s_1, is -12 km, narrowing 
slightly along the course of the jet. 

The near-surface geostrophic flow, shown by 
the dynamic topography measured from IUV We- 
coma during 17-19 May 1995 (Barth and Smith, 
1997), confirms the presence of the coastal jet 
near midshelf, at the location indicated by the 
radar (Fig. 4). The spreading of the dynamic 
height contours below 43.2°N indicates a slowing 

43.2°N - 

42.8°N - 

43.2°N 

42.8°N 

125.0°W 124.5°W 

Fig. 4. Dynamic height AD23/55 (m2s~2) from SeaSoar 
survey conducted 17-19 May 1995. Dots show location 
of measurements. 

of the current to the south, a feature also seen in 
the radar (Fig. 3). The dynamic height contours at 
the core of the jet are seen to cross the 100-m iso- 
bath, also as seen in the radar. 

A more detailed look at the development of the 
coastal jet can be obtained from a time series of 
averaged radar maps (Fig. 5; here tidal averages 
have been made over maps covering 12 h and 20 
min, starting at 0000 UT or 1200 UT). During 11 

. . . confirms the 

presence of the 

coastal jet near mid- 

shelf, at the location 

indicated by the 

radar. 
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Fig. 5. Maps of surface currents from OSCR. Each map is an average over 12 h and 20 min, to minimize tidal effects. Current speeds are color 
coded from blue (lowest) to red (highest). 
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Fig. 6. Average current, 11-17 May 1995. Contours show speed of average current, 

in cm sr'. 

and 12 May, currents were quite weak (except for 
some outliers at long range that were not detected 
by automatic screening criteria). During 13-14 
May, as the winds became strong and upwelling fa- 
vorable (Fig. 2), the current field accelerated equa- 
torward (Fig. 5), while during 15 and 16 May, in 
concert with weakening and even reversing winds, 
alongshore currents weakened, then reaccelerated 
on 17 May, again in response to the winds. 

The mean radar currents (Fig. 6), as well as 
most of the twice-daily maps (Fig. 5) show a de- 
celeration of the currents south of 43.2°N, with a 
reacceleration of the currents at the very southern 
end of the radar coverage. The spatial variability 
along the current core is strong [0(20%)] and per- 
sistent, and is seen on scales similar to those of the 
topographic variability, although there is not a di- 
rect correspondence between water depth and cur- 
rent speed in this strongly baroclinic flow. Finally, 
there is a distinct tendency for the currents to be 
directed nearly southwestward at the inflow to the 
mapping region, but to be directed southward at 
the exit of the mapping region, following the ten- 
dency in the bathymetry; the rotation is -45° in 

I he strength and 

persistence of the 

spatial variability 

measured over short 

distances along the 

current core is a sur- 

prising result . . . 

the overall mean current field along the 100-m iso- 
bath. 

Summary 
The HF coastal radar provides a new look at the 

spatial and temporal variability in the coastal ocean 
off Oregon. Features observed in earlier studies, 
such as the formation of an alongshore coastal jet 
at midshelf in response to upwelling-favorable 
winds, and the steering of currents by topography, 
are observed clearly in these radar maps, now with 
very high resolution in time and in space. The 
strength and persistence of the spatial variability 
measured over short distances along the current 
core is a surprising result, as is the apparent ten- 
dency for the current jet to accelerate and deceler- 
ate in place. A longer time series of radar measure- 
ments, in conjunction with measurements in the 
water column from drifters, moored current meters, 
and rapid surveys, is needed to understand the de- 
tailed dynamics of this wind-driven variability. 
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FEATURE 

TIDAL AND WIND-DRIVEN CURRENTS 
FROM OSCR 

By David Prandle 

x wo IMPORTANT ASPECTS of tidal currents are (1) 
their temporal coherence and (2) their constancy 
(over centuries). The first rigorous evaluation of an 
Ocean Surface Current Radar (OSCR) system ex- 
ploited these characteristics using sequential de- 
ployments of the one available unit with subse- 
quent combination of radial components to 
construct tidal ellipses (Prandle and Ryder 1985). 

Specifications for Tidal Mapping 
The Rayleigh criterion for separation of closely 

spaced constituents in tidal analysis suggests ob- 
servational periods exceeding the related beat fre- 
quency, this dictates 15 d of observations to sepa- 
rate the two largest constituents M2 and S2. For 
tidal elevations this criterion is often relaxed; 
however, while elevations show a noise:tidal sig- 
nal ratio of 0(0.1-0.2), the same ratio for currents 
is 0(0.5). Moreover, wind and wave current com- 
ponents are generally largest at the surface, and 
hence for OSCR observations the ratio may be 
even higher. Consequently 30-d observational pe- 
riods are recommended. Prandle et al. (1993) 
show that, from analyses of a sequence of data 
sets of this length, 7 constituents could be deter- 
mined with standard deviations of -0.1 of ampli- 
tude for M2, S2, and N2 and 0.2 for 0„ K„ M4, 
and MS4. An associated problem arises with se- 
lecting specified relationships for closely spaced 
constituents not explicitly determined; using adja- 
cent elevation data may be suspect. A further dif- 
ficulty arises in shallow water in comparing 
OSCR results with values from either moored in- 
struments or models based on different vertical 
reference frames. Lane et al, (in press) indicate 
some possible solutions to this problem. 

Figure 1 (Prandle 1991) shows typically close 
agreement between tidal ellipse distributions de- 
rived by combining OSCR measurements from a 
total of 10 sites with values from a fine grid nu- 
merical model. The extent of this agreement can 

David Prandle, Proudman Oceanographic Laboratory, Bid- 
ston Observatory, Birkenhead L43 7RA, UK. 

be seen by comparing calculations of M2 tidal vor- 
ticity distributions OVIdX - 3UldY> from OSCR 
measurements with corresponding model calcula- 
tions (Prandle 1987). 

Tidal Residuals 
The propagation of tidal energy from the 

ocean into shelf seas produces an attendant net 
residual current U0 of 0.5(U£/D)cos 6 (Ü, oscil- 
lating current amplitude; £, elevation amplitude; 
D, water depth; 0, phase difference between Ü 
and £)• In U.K. waters U0 is typically 0-3 cm s_1 

compared with Ü of 40-100 cm s_1, thus conven- 
tional current meters often fail to resolve U0. 
Moreover, numerical models that accurately sim- 
ulate M2 may not resolve U0 with the same accu- 
racy. Year-long deployments of OSCR, in the 
Dover Straits (Prandle et al, 1993) and the North 
Channel of the Irish Sea (Howarth et al., 1995), 
enabled, for the first time, these net tidal residual 
currents to be accurately resolved by direct mea- 
surement. But, as so often occurs in science, en- 
hanced resolution of the instrumentation reveals 
finer scale dynamical processes. Figure 2 shows a 
residual surface current gyre differentiated from 
these long-term measurements in the Dover 
Strait. Such gyres are not exceptional but rather a 
characteristic of most coastlines, although rarely 
identified with conventional instrument or air- 
borne sensors. 

Wind-Driven Currents 

Nontidal Currents 
Removal of the tidal component from High 

Frequency (HF) Radar current observations 
leaves residuals that may include contributions 
from: direct (localized) wind forcing, indirect 
(larger scale) wind forcing, surface waves, and 
horizontal and vertical density gradients. Interac- 
tion of any of these components with the tidal 
component can generate significant modulation 
of the latter contributing an additional nontidal 
residual. Selective filtering of the nontidal cur- 
rents into frequency bands can be used to sepa- 
rate many of these components. 

. . . enhanced reso- 

lution of the instru- 

mentation reveals 

finer scale dynamical 

processes. 
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Fig. 1: M2 tidal ellipses, OSCR (black) versus 
model. 

Persistent residual surface currents of typi- 
cally 10-20 cm s"1 are regularly observed with 
deployments of the OSCR system around the 
U.K. coast. These can often be dynamically re- 
lated to horizontal density gradients (Prandle 
and Matthews 1990). Likewise jet-like currents 
of up to 14 cm s_1 have been observed linked 
with frontal dynamics (Matthews et al., 1993). 
Souza and Simpson (1996) show how vertical 
density gradients modulate surface tidal cur- 
rents. 

In deep water the oscillatory orbital velocities 
of surface waves do not show any obvious aliasing 
on the Bragg peaks, but in shallow water any asso- 
ciated net drift component may influence "current" 
measurements. 

Wind-Forced Currents 
Relating observed wind-driven currents to 

wind forcing is notoriously difficult. Both the 
wind itself and the associated currents exhibit 
appreciable fine-scale (temporal and spatial) 

0.1 ms"1 

Fig. 2: Residual (30 d mean) gyre from OSCR Mk 
II. 

variability. In shallower water, wind forcing may 
be partially balanced by surface slopes. In straits 
these slopes can subsequently generate currents 
orders of magnitude greater than indicated by lo- 
calized forcing (Prandle 1993). However, statis- 
tically significant relationships between wind 
and residual surface currents have been derived 
from all OSCR deployments. Both the steady- 
state Ekman spiral response and rotating inertial 
currents have been identified (Fig. 3). The 
steady-state response is typically 1 or 2% of 
wind speed, increasing in magnitude in deep 
water and veering increasingly toward the theo- 
retical deep water values of 45° to the right of 
the wind. 

Determining Current Profiles From Surface 
Currents 

Construction of tidal current profiles from sur- 
face values can be completed, qualitatively, using 
simple theory that requires the specification of a 
vertical eddy viscosity coefficient, E, and a bottom 
friction coefficient k (Prandle 1982). Estimates of 
both E and k may be made from the variation in 
wind-forced response in water of varying depths. 
Vertical profiles of the wind-forced component in 
open seas can similarly be calculated from Ekman 
spiral theory. 

By substitution of observed surface currents 
into the horizontal momentum equation, local- 
ized surface gradients can be constructed. By in- 
tegrating these gradients over the region of radar 
coverage, both an M2 co-tidal chart (using a ref- 
erence value) and a mean sea level distribution 
were calculated for the Dover Strait (Prandle et 
al., 1993). 
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into major ports, management of coastal dis- 
charges/withdrawal, tracking of accidental spill- 
ages, assimilation (updating) of storm surge pre- 
diction models, etc. 

In principle, horizontal dispersion coefficients 
can be determined from the spatial variability in 
velocities observed by HF Radar. In practice, such 
estimates depend on the spatial resolution, sam- 
pling period, and instrumental errors of the sys- 
tem. Experiments to explore such sensitivities in- 
volving concurrent dye dispersion and drogue 
tracking would be useful. 

An exciting prospect is to link such extended ap- 
plications to related development in the radar tech- 
nology. Thus, for example, a "Grand Challenge" 
for coastal researchers is to predict coastal bathy- 
metric evolution, involving long-term continuous 
measurement of currents, waves, winds, and ba- 
thymetry. An HF Radar system operating at vari- 
able frequency (simultaneous or consecutively) 
might be optimally tuned for determining each of 
these parameters. 

i   erhaps the great- 

est potential of such 

synergy is in real- 

time operational de- 

ployments. 

Fig. 3: Wind-forced currents (shown for 1 m s~' 
W; top panel). Histogram of rotation rate of 
residual currents (bottom panel). 

Future Applications 
The OSCR results described here have been 

restricted to the 26-MHz system, the potential of 
the finer scale resolution afforded by operation 
at 50 MHz is demonstrated elsewhere. The po- 
tential for longer range HF Radar current mea- 
surements has yet to be fully exploited. Use of 
HF Radar for permanent monitoring of strategic 
straits, such as for the North Channel and Dover 
Strait described here, could form part of the 
Global Ocean Observing System to detect net 
trends in oceanic circulation. With the perfor- 
mance of HF Radar now widely established, the 
greatest obstacle to wider use is capital cost; 
however, HF Radar systems are not vulnerable 
to loss and damage inherent with oceanographic 
instrumentation. 

The range of synergistic modes of linking HF 
Radar surface current measurements with in situ 
and shipborne Acoustic Doppler Current Profiler 
(ADCP) (Matthews et ah, 1993), remote sensing, 
numerical modeling, etc., has yet to be fully de- 
veloped. Perhaps the greatest potential of such 
synergy is in real-time operational deployments. 
Examples include use of HF Radar for navigation 
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FEATURE 

INTERNAL WAVE-DRIVEN SURFACE 
CURRENTS FROM HF RADAR 

By Lynn K. Shay 

Observations from 

recent experiments 

. . . have revealed 

internal wave 

signatures. 

O URFACE CURRENT observations from high-fre- 
quency (HF) radar have revealed that not only are 
the low-frequency and tidal currents resolved by 
the measurement, higher-frequency motions are 
also contained within the signals. These higher- 
frequency current oscillations are within the inter- 
nal wave continuum from the buoyancy to the in- 
ertial frequencies, including the excitation of 
semidiurnal internal tides forced by a barotropic 
tide propagating over the shelf-break (Baines, 
1986; Paduan and Cook, 1997). Another compli- 
cating feature in the coastal regime is oceanic 
frontal structure that significantly influences inter- 
nal wave variability because of the background 
vorticity fields (Mooers, 1975; Kunze, 1985). 
However, little is known about the internal wave 
interactions with coastal ocean fronts where these 
vorticities may be considerably larger than in the 
deep ocean because of the larger density contrast 
between the water masses. Synoptic observations 
of the horizontal flow structure from HF radar pro- 
vides the spatial context for moored and ship- 
based measurements to assess the impact of 
coastal fronts on the internal wave climate. 

Observations from recent experiments using the 
University of Miami's Ocean Surface Current 
Radar (OSCR) (Shay et al., 1995, 1997), and the 
U.S. Coast Guard (USCG)-sponsored Ocean Pol- 
lution Research Center (OPRC) experiments in the 
Florida Keys (L.K. Shay, T.N. Lee, E.J. Williams, 
H.C. Graber and C.G.H. Rooth, unpublished data) 
have revealed internal wave signatures. These data 
will be used to show the linkage between HF-de- 
rived surface currents and current profiles acquired 
from an acoustic Doppler current profiler (ADCP) 
with respect to the internal wave signals. 

Observations 
The HF radar system mapped the coastal ocean 

currents over a 30 X 45 km domain at 20-min in- 
tervals with a horizontal resolution of 1.2 km 
along the Florida Keys during OPRC-2. Over a 
25-d period from 18 May to 13 June 1994, five 

Lynn K. Shay, University of Miami. Miami. FL, 33149, 
USA. 

percent of the surface current images were missing 
yielding a high data return as found in previous 
experiments. An upward-looking, narrow-beam 
ADCP was moored in 150 m off Looe Key in the 
radar domain and provided current observations at 
5-m intervals from 15- to 130-m depths. Surface 
current data were averaged at one-half hourly in- 
tervals to coincide with the ADCP sampling inter- 
val and rotated into bottom topographic coordi- 
nates. 

Data acquired over a 10-d period during the 
OPRC-2 experiment indicated submesoscale vor- 
tices located along the inshore side of the Florida 
Current that were aligned with the 150-m isobath. 
Between 22 May (Yearday 142) to 27 May (Year- 
day 147), the along-shelf flow reversed direction 
as the Florida current moved further offshore. The 
maximum cross-shelf component exceeded 25 cm 
s"1 toward the north whereas the along-shelf cur- 
rent exceeded 150 cm s~' when the Florida Current 
was located over the mooring (Fig. 1). Root mean 
square (rms) differences were 18 cm s_l between 
the surface and 15-m records. Previous estimates 
of rms differences between surface and subsurface 
currents from HIRES-2 were 10-14 cm s_l because 
of mesoscale variability associated with low-fre- 
quency baroclinic currents of the Gulf Stream and 
internal waves (Shay et al., 1995; Chapman et al., 
1997). In a time-averaged sense, Graber et al. 
(1997) found that >50% of these differences may 
have been due to a combination of surface wave 
and wind-induced currents and these baroclinic 
currents. Recent comparisons between surface and 
subsurface (4 m) currents from vector measuring 
current meters (VMCM) acquired during the Na- 
tional Science Foundation Coastal Ocean Pro- 
cesses (NSF CoOP) and ONR Duck94 experi- 
ments indicated rms differences of 7 cm s_l (Shay 
et al., 1997). These observations were at the un- 
certainty limits of resolvable processes from the 
OSCR and VMCM instruments (Weiler and Davis, 
1980). 

Surface Current Images 
Observed current time series were decomposed 

into the subinertial (>48 h), tidal, inertial (29 h), 
high-frequency (5 h), and residual currents. Based 
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Fig. 1: (a) Cross-shelf and (b) along-shelf surface 
( ) and 15 m ( ) current time series (cm s~') 
from 22 May (YD 142) to 1 June (YD 152) 1994 
during OPRC-2. 

on the peaks in the rotary spectra (Shay et al., 
1995, 1997), a harmonic analysis of the tides was 
performed to determine the diurnal and semidiur- 
nal tidal constituents and removed to form detided 
records. Using a Lanczos-square window, the de- 
tided currents were low-pass filtered at 48 h, band- 
pass filtered between 25 and 38 h, and high-pass 
filtered at 8 h to form subinertial, near-inertial and 
high-frequency current time series, respectively. 
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The width of the near-inertial band reflects the 
subinertial vorticities described below. In addition, 
the 25-d time series adequately resolved the near- 
inertial and diurnal tide contributions. 

Observed surface velocities indicated structure 
in the surface velocity field including subme- 
soscale eddylike vortices (Fig. 2). Based on the 
observed surface current images, these subme- 
soscale vortices translated from the western part 
of the domain toward the eastern part at a rate of 
25-30 km d~'. This translation rate was not only 
above the expected envelope of low-frequency 
baroclinic features such as eddies and rings, but 
the direction of movement was opposite to 
coastally-trapped waves propagating along the 
eastern coast of basins. Although subinertial flows 
indicated little evidence of this submesoscale fea- 
ture, the observed signal was embedded in the 
near-inertial flows. Based on a series of least- 
square fits, the horizontal wavelength of this fea- 
ture was -35 km with velocities of up to 30 cm s_1 

(Fig. 2b). Thus this submesoscale variability was 
embedded in the near-inertial current signals. 

Vertical Structure 
As shown in Figure 3, high-frequency surface 

and subsurface signals had 4-5-h periods and ver- 
tical wavelengths of 20-25 m (Shay, 1996). Dur- 
ing the period of subinertial flow change from YD 
144 to 146, the velocities of these high-frequency 
motions were about 15 cm s~' and were highly in- 
termittent. The subinertial current velocities were 
shifted from -40 cm s"1 in the surface layer to 150 
cm s"1 at 40-m depth as the Florida Current moved 
back over the mooring. A near-inertial current 

25cm/s 

160 

observed surface 
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face velocity field in- 

cluding submesoscale 

eddy I ike vortices. 

Fig. 2: (a) Observed and (b) near-inertial surface flows from the OPRC-2 experiment in the Florida Keys 
at 1800 UTC 25 May 1994. The color of the arrows represents the strength of the current as per the 
color bars in cm s~'. 
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Fig. 3: Comparison (top panels) between surface (solid) and 15 m (dashed) 
currents and contoured along-shelf current profiles (bottom panels) for (a) 
high-frequency and (b) near-inertial components (cm sr') from an ADCP de- 
ployed in the OPRC-2 experiment from 22 May to 1 June 1994 superimposed 
on the subinertial flow (color). Panel (a) represents a 5-d time series compared 
with the 10-d series in (b). Contour interval is 2.5 cm s~' in the bottom panels. 

episode also occurred from YD 142 to 152 when 
the wave burst had an amplitude of -20 cm s~' and 
vertical wavelengths of -50 m (Fig. 3b). Along- 

shelf surface current signals were initially in phase 
with the subsurface currents through YD 147 
when the signals indicated phase separation. The 
opposite situation occurred in the cross-shelf ve- 
locity components (not shown) with respect to the 
phases. The vertical structure of these oscillations 
indicated a first or second baroclinic mode vertical 
dependence compared with a second or third baro- 
clinic mode structure for the high-frequency cur- 
rent signals. 

Subinertial Flow Vorticity 
Kunze (1985) showed that the vorticity associ- 

ated with geostrophically balanced currents alters 
the passband of allowable near-inertial frequen- 
cies. An effective Coriolis parameter was defined 

fcff = f + 1 n {dVg/3x - dUJdy}, (1) 

where f represents the local Coriolis parameter 
and Ug and Vg are the geostrophic current compo- 
nents. Here the subinertial current records are used 
as a proxy for these geostrophic components. In 
an anticyclonically rotating vorticity regime, the 
frequency of the near-inertial motions will be <fcff 

as near-inertial motions are trapped and advected 
by the subinertial flow where amplification of the 
near-inertial wave signal may occur. By contrast, 
the effective Coriolis parameter is shifted above f 
in cyclonically rotating vorticity regimes as near- 
inertial motions propagate away from the area. 

As shown in Figure 4, the horizontal structure 
of the near-inertial flows on 25 May was affected 
by the subinertial flow vorticity, which ranged be- 
tween ±2f. The center of the submesoscale fea- 
ture, as depicted by the near-inertial flow, was lo- 
cated along the inshore edge of the Florida 
Current where normalized vorticity changed sign 
from cyclonic (>0) to anticyclonic (<0) rotation. 
There was a strong convergence zone of near-iner- 
tial motions centered in the domain. A large frac- 
tion of the near-inertial surface current motions 
were apparently trapped and advected by the anti- 
cyclonically rotating subinertial flow vorticity. In 
this regime, the near-inertial waves cannot propa- 
gate into the positive vorticity regime because of 
the larger fcff as per equation (1). This is one ex- 
planation of why the near-inertial energy is ampli- 
fied in the negative vorticity trough inshore of the 
Florida Current. In addition, the vertical structure 
of the near-inertial motions suggests a possible 
amplification of the signal in the areas of strong 
subinertial current shear consistent with previous 
theories (Mooers, 1975; Kunze, 1985). Previous 
observations have also found spin-off eddies be- 
cause of frontal instabilities as the Florida current 
moves across the shelf break in this complex 
regime (Lee, 1975). 

Summary 
Emerging technological capabilities of in situ 

and remote sensing observational techniques are 
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Fig. 4: Near-inertial currents (—■) superposed on 
the subinertial flow vorticity (color) normalized by 
2f (f is the local Coriolis parameter) from the 
OPRC-2 experiment at 1800 UTC on 25 May. 

providing reliable, spatially evolving snapshots of 
submesoscale to mesoscale oceanic flows (Shay, 
1997). Surface current observations from several 
experiments in the United Kingdom (Prandle, 
1987) as well as the HIRES, OPRC, and Duck94 
experiments have suggested that the HF radar-de- 
rived surface currents agree well with subsurface 
current measurements and detect not only the low- 
frequency and tidal currents, but also internal 
waves. The surface convergence and divergence 
patterns of internal wave motions are intrinsically 
linked to the pycnocline (Gasparovic et al., 1988) 
and the vertical structure oscillations in the cur- 
rents. The combination of high-resolution ADCPs 
embedded within the HF radar grid provides an ef- 
fective approach to observe evolving, 3-dimen- 
sional processes of the internal waves. Thus the 2- 
dimensional representation of these surface 
motions and their interactions with the subinertial 
flows associated with coastal frontal structure ob- 
served from HF radar measurements provides a 
new view to improve our understanding of wave 
dispersion in the coastal regime. 
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FEATURE 

LARVAL TRANSPORT AND COASTAL 
UPWELLING: AN APPLICATION OF HF 
RADAR IN ECOLOGICAL RESEARCH 

By Eric Bjorkstedt and Jonathan Roughgarden 

Hi I igh-frequency (HF) 

radar is a recent ad- 

dition to ecologists' 

remote sensing tool- 

box . . . 

-TOR MANY MARINE FISH and invertebrate species, 
near-surface currents strongly affect the likelihood 
of surviving as a planktonic larva and arriving at a 
suitable location, say, a rocky coastline, a kelp for- 
est, or an estuary, to begin life as a juvenile or adult 
(i.e., to "recruit" to a population). High-frequency 
(HF) radar is a recent addition to ecologists' remote 
sensing toolbox that offers the ability to observe 
oceanographic processes directly affecting larval 
ecology at scales appropriate for understanding re- 
cruitment dynamics in marine populations. 

In this article, we report on our application of 
HF radar in research focusing on larval ecology at 
coastal upwelling fronts off central California. 
Coastal upwelling regions, such as that off the 
western United States, pose an interesting set of 
ecological questions that can be addressed with 
data from HF radar. During active coastal up- 
welling, the same currents supplying nutrients that 
support high productivity put planktonic larvae at 
risk of being swept offshore and away from 
coastal habitats. Indeed, some fish and invertebrate 
populations exhibit reduced recruitment success 
during periods of increased offshore advection 
(Bailey, 1981; Roughgarden et al, 1988). Coastal 
upwelling fronts, which form between cold up- 
welled water near the coast and warmer, fresher 
surface waters offshore, may reduce offshore 
transport of planktonic larvae, thereby facilitating 
nearshore retention and return of larvae to coastal 
recruitment sites. To test this hypothesis and to as- 
sess the utility of HF radar as an ecological tool, 
we sampled Zooplankton along transects spanning 
coastal upwelling fronts, monitored recruitment to 
intertidal barnacle populations during the up- 
welling seasons of 1993 and 1994, and compared 
our data to coincident HF radar observations. 

We used radial data obtained from a single Sea- 
Sonde HF radar deployed at Granite Canyon, CA 

Eric P. Bjorkstedt, Department of Biological Sciences. 
Stanford University, Stanford, CA 94305; Jonathan Roughgar- 
den, Department of Biological Sciences and Department of 
Geophysics, Stanford University, Stanford, CA 94305. USA. 

(36°25.9'N, 121°55.0'W). Before calculating cur- 
rents, we 1) discarded radial vectors with a stan- 
dard error to mean ratio >0.1 to ensure data qual- 
ity, 2) used simple linear interpolation first to fill 
spatial gaps of <90° within a range bin and then to 
fill temporal gaps of <24 h in observations in each 
observation cell, and 3) applied a low-pass filter 
(PL64) to remove tidal and other high-frequency 
signals. Under the assumption that the current is 
uniform across two observation cells, we calculated 
currents from pairs of radial observations; each re- 
sult represented the uniform current that would 
yield both radial currents used in its calculation. 

Using a single radar presents a tradeoff be- 
tween greater spatial resolution (and the increasing 
likelihood that the current is indeed similar at 2 
points closely arranged in space) and the difficul- 
ties associated with the "baseline problem" of de- 
termining currents from nearly parallel observa- 
tions. The baseline problem is exacerbated by 
violations of the assumption that flow is uniform 
across neighboring observation cells. We screened 
our results for clear cases where this occurred; 
currents were discarded and replaced by interpola- 
tion if either 1) they were >150 cm s_l and within 
5° of perpendicular to the radial vectors used in 
the calculation or 2) they differed from neighbor- 
ing vectors by a Euclidean distance >30 cm s~'. 

Figure 1 illustrates an example of the resulting 
low-frequency current field and a coincident satel- 
lite Advanced Very High Resolution Radiometer 
(AVHRR) image of sea-surface temperature. Pat- 
terns in the current field generally coincide with 
thermal structures. For example, the strong current 
jet flowing offshore west of Point Sur corresponds 
directly to the tongue of cool water visible in the 
AVHRR image. The frontal zone between the cool 
tongue and warmer water to the north is clearly re- 
solved in the current field as a sharp transition be- 
tween equatorward flow and the current jet. The 
southwestern front apparent in the satellite image 
appears as a transition to weaker currents in the 
warmer water mass. Temporal series of images 
demonstrate consistent spatial correlation between 
HF radar and satellite observations. 
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Fig. 1: Surface currents from detided radial data obtained with a single SeaSonde located at Granite 
Canyon, CA, and satellite AVHRR image of SSTfor 1700 PST 15 July 1993. Horizontal line shows loca- 
tion of transect data in Figures 2 and 3. 

To compare HF radar observations to zoo- 
plankton distributions, we calculated divergence 
from low-frequency surface currents obtained 
from the SeaSonde data. Convergence zones, 
marked by negative divergence values, may accu- 
mulate buoyant or surface-oriented plankton. Fig- 
ures 2 and 3 show typical distributions of barnacle 
and fish larvae, respectively, in relation to diver- 
gence and SST. Barnacle larvae are generally 
bounded inshore of divergences, or accumulate at 
convergent fronts. Larval fish (mostly rockfish Se- 
bastes spp., a coastal group) are most abundant in 
convergence zones associated with temperature 
fronts. Fish larvae were sampled from a broader 
depth range than barnacles (upper 27-37 m and 1 
m of the water column, respectively), and distribu- 
tions of fish larvae across upwelling fronts were 
observed to follow the slope of the pycnocline. 
Slight seaward offsets of peak abundances of fish 
larvae relative to convergent fronts in the ocean 
surface may therefore occur, but remain consistent 
with nearshore retention of larvae by the front. 

Observations like those described above repre- 
sent "snapshots" integrating spawning location, 
timing and intensity, larval survival, and transport 
processes. Measuring actual larval transport re- 
quires time series of such observations. Figure 4 
shows a time series of settlement by competent 

barnacle larvae to rocks in the upper intertidal 
zone at a site 15 km north of the radar site in 
Granite Canyon in relation to surface currents for 
a period spanning the sole large recruitment pulse 
of the 1994 upwelling season. In a sense, rather 
than tracking a patch of larvae with a ship, we use 
the rocks along the coast to sample temporal vari- 
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Fig. 2: Distribution of intertidal barnacle larvae in relation to divergence 
and SST for 11 August 1993, 4 May 1994, and 26 June 1994. Barnacle lar- 
vae were sampled in the upper meter of the water column. For each cruise 
(a) divergence calculated at each sampling station, (b) abundance of barna- 
cle larvae, and (c) SST. 
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Fig. 3: Distribution offish larvae in relation to divergence and SSTfor 11-12 August 1993, 4-5 May 
1994, and 26-27 June 1994. Fish larvae were sampled in the upper 27 meters of the water column (upper 
37 meters in May 1994). For each cruise: (a) divergence calculated at each sampling station, (b) abun- 
dance offish larvae, and (c) SST. Note: In the divergence plot for May 1994, divergence (X8) is replotted 
with (O) at offshore stations to highlight convergence zone associated with an old upwelling front. 

ation in larval abundance at a given location. Dur- 
ing typical upwelling conditions (i.e., surface cur- 
rents flowing to the south and offshore), recruit- 
ment is low (Fig. 4, a and b). The onset of the 
recruitment pulse, presumably because of the re- 
turn of larvae to the coastal habitat (Farrell et ai, 
1991), coincided with a rapid transition to onshore 
currents in response to a strong relaxation in the 
winds that drive coastal upwelling (Fig. 4, a and 
c). After northwesterly winds intensified, typical 
upwelling currents resumed and recruitment rates 
fell to low levels (Fig. 4, a and d). 

The plankton surveys and recruitment time se- 
ries provide support for hypotheses that 1) conver- 
gence at fronts contributes to accumulation of 
plankton, 2) coastal upwelling fronts facilitate 
nearshore retention of coastal larvae, and 3) cessa- 
tion of upwelling and subsequent shoreward trans- 
port of larvae during wind relaxation events is an 
important mechanism causing recruitment in 
coastal invertebrate populations (Roughgarden et 
ai, 1988; Farrell et al, 1991). 

Fig. 4: Recruitment of barnacle larvae to adult 
populations in the rocky intertidal zone in relation 
to changes in surface currents during upwelling 
relaxation, (a) Recruitment of intertidal barnacles 
to settlement plates affixed in the rocky intertidal 
zone at Asilomar ("AB" in Farrell et al., 1991) 
from 22 April to 29 June 1994. Arrows indicate 
times of HF radar current maps described below. 
(b-d) Surface current maps for 1600 PST 4 May, 
1600 PST 7 May, and 1600 PST 11 May 1994. 
The vector on land has a length representing a 50 
cm s~' flow. 

Just as importantly, the examples above 
demonstrate tHe potential of HF radar as a remote 
sensing technology enabling researchers to moni- 
tor and predict the location and transport of plank- 
tonic larvae. HF radar measures currents affecting 
ecological processes at important spatial (1-100 
km) and temporal (hourly-weekly) scales and cap- 
tures front-scale variability that is absent in larger 
scale metrics of upwelling intensity (i.e., the 
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Bakun index). Thus HF radar can support detailed 
field research and modeling (e.g., Alexander and 
Roughgarden, 1996) linking upwelling intensity 
and front structure to marine population dynamics. 
Such efforts have clear applications in research ef- 
forts toward predicting the population dynamics of 
commercially exploited species and designing ef- 
fective marine reserves. 
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TRANSPORT PATTERNS OF TROPICAL REEF 
FISH LARVAE BY SPIN-OFF EDDIES IN THE 
STRAITS OF FLORIDA 

By Hans C. Graber and Claire B. Limouzy-Paris 

Better description of 

transport patterns . . . 

is essential for under- 

standing the relation- 

ship between replen- 

ishment of larvae and 

their subsequent set- 

tlement at sites . . . 

A ROPICAL REEF FISHES belong to a broad phylo- 
genetic group and, as a result, exhibit considerable 
diversity. Their only shared characteristic as an 
ecological entity is their fate as reef-associated 
adults. Their complex life cycles, in which pelagic 
larval phases alternate with demersal juvenile and 
adult phases, varies considerably within the early 
life history (ELH) stages (i.e., egg, larval, and ju- 
venile stages) (Cowen and Sponaugle, 1997). This 
variability implies coral reef fishes have adapted 
differentially to the surrounding dynamic environ- 
ment and may utilize different pathways while in 
the pelagic zone, to be transported nearshore at the 
time they metamorphose. Better description of 
transport patterns (e.g., dispersal and retention 
mechanisms) is essential for understanding the re- 
lationship between replenishment of larvae and 
their subsequent settlement at sites where transi- 
tion into juveniles and adults can be achieved. 

Recent large-scale ichthyoplankton and hydro- 
graphic surveys in the southern Straits of Florida 
have suggested that mesoscale circulation processes 
(i.e., cold core gyres) induce significant recruitment 
variability of reef fish and lobster larvae along the 
Florida Keys (Yeung, 1991; Lee et al., 1992, 1994). 
These gyres of relatively long duration (1-3 mo) 
often cause shoreward transport and tend to concen- 
trate and retain locally spawned larvae (Porch, 
1993; Lee et al., 1994; Criales and Lee, 1995). 
However, in a nongyre situation, less is known 
about the dynamics of coastal interactions between 
the strong frontal boundary of the meandering 
Florida Current (FC) and the inshore reef system. 
Numerous researchers have speculated that hydro- 
graphic features serve to retain larvae near their 
spawning sites on the reefs (Leis, 1993; Milicich, 
1994; Richards et al, 1995). Cowen et al, (1993) 
further suggested that dynamic oceanic processes in 
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11794-5000, USA. 

conjunction with specific behavior patterns may be 
involved in translocation of diverse reef fish assem- 
blages and specific-level biota. Thus small-scale 
flow measurements are needed to characterize these 
mechanisms acting upon the ELH stages. 

Here we report on observations of reef fish lar- 
val transport mediated by remotely sensed spin-off 
eddies. Such eddies were first observed by Lee 
(1975) in current meter data. However, remote 
sensing of currents using HF radar provides a 
unique tool to probe repeatedly and noninvasively 
the ocean surface at high spatial and temporal res- 
olution over a large domain. 

Biological Sampling and Current Observations 
An ichthyoplankton survey was carried out with 

the R/V Oregon II during the 13-h period from 
1300 UTC 25 May to 0330 UTC 26 May 1994. 
The survey consisted of nine stations (7 day and 2 
night) along three transects (Figure 1) with 23 
hauls sampled via oblique tows using Bongo nets 
with a 333-^m mesh. Expendable bathythermo- 
graphs were deployed before each haul to deter- 
mine the depth of the thermocline. The results dis- 
cussed here are limited to surface samples (0-40 
m) that were always within the mixed layer. De- 
tails of the biological analysis can be found in 
Limouzy-Paris et al. (1997). 

The OSCR system measured the surface vector 
current fields associated with coastal eddies over 
the coral reefs and the adjacent FC. From two sites 
located at Boca Chica and Bahia Honda in the 
South Florida Keys, currents were recorded in near 
real time (20-min sampling) and at 1-km resolu- 
tion over a 30 X 40-km domain. 

Average surface current maps were computed 
for each biological transect to represent mean reef 
and oceanic flow conditions. Horizontal trajecto- 
ries were computed at 20-min intervals for 12 h 
before (backward) and after (forward) each station 
was sampled. In these calculations we assume no 
mixing or external forces (winds and waves) influ- 
enced the trajectories. These trajectories were used 
to estimate the origination and destination of reef 
fish larvae. 
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Fig. 1: Experimental setting in the lower South Florida 
Keys. The small dots show the OSCR cell positions. 

Eddy Dynamics 
During the 13-h synoptic sampling period a cy- 

clonic spin-off eddy, 10 km in diameter, with a 
swirl speed of =50 cm s~', migrated along the in- 
shore edge of the meandering FC. It had an east- 
ward translation speed of about 25 km/d (see Fig. 
1 in Haus et al., 1997). This feature produced a 
strong cyclonic current reversal and westward 
flow of 20-30 cm s~' in the upper 50 m (above the 
thermocline) at a mooring equipped with an 
acoustic Doppler current profiler (ADCP) offshore 
of Looe Reef. Shay et al, (1997) compared 
OSCR surface current vectors with the upper most 
bin (15 m below surface) of the ADCP and found 
very high correlation (>0.8) during this sampling 
period. The vertical distribution of the horizontal 
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Fig. 2: Average surface vector currents observed by 
OSCR during the sampling period of the easternmost 
transect (Stations 101-103). The dots (•) indicate bio- 
logical sampling stations as defined in Figure 1. 

flow was uniform during this period, suggesting 
little shear in the upper ocean layer above the 
thermocline. The presence of the eddies was also 
observed in the subsurface temperature field that 
showed distinct doming of the 27 °C isotherm sur- 
face (Graber et al, 1995) that extended to a depth 
of 50-75 m. 

The following flow patterns were observed dur- 
ing the survey of the eastern transect (101-103); 
these stations sat on the eastern edge of a well-de- 
fined eddy causing strong onshore flow (Fig. 2). At 
the western end of this feature (between the middle 
and western transects) a strong alongshore flow 
convergence and offshore jet was observed. In the 
wake of this eddy, a weak, less-defined eddy 
formed in the western part of the OSCR array. The 
dominant FC initially intruded far reefward. 

The temporal coverage of the OSCR data 
showed how these features evolved during the sur- 
vey. During the middle transect (104-106) the 
main eddy advected eastward and moved partially 
out of the domain, producing a weak convergence 
near the reefward stations. The offshore station 
was then located on the boundary of the stronger 
(>1 m s"1), eastward flowing FC. A weak trailing 
disturbance was observed near the western tran- 
sect. By the time stations 107-109 were sampled, 
the main eddy feature had totally vanished from 
the OSCR domain and the FC had moved further 
offshore. For the biological analysis these flow 
scenarios were related to the micro-distribution 
and abundance of larval fishes. 

Ichthyoplankton 
Results from the 13-h sampling period were 

representative of the very high biodiversity previ- 
ously observed in the Florida Straits (Limouzy- 
Paris, 1994). More than 5,000 fish larvae, repre- 
senting 246 taxa, were collected. The dominant 
taxa (61%) were reef fishes. Abundance and distri- 
butions were determined for reef, coastal, and 
oceanic groups. Limouzy-Paris et al, (1997) com- 
pared larval fish assemblages over the entire water 
column to the upper strata; their results indicated 
the importance of eddies as a mechanism for 
alongshore dispersal of posthatch larvae and for 
translocation of late stage reef fish larvae to in- 
shore settlement sites. 

Trajectories 
The hypothesis of translocation and longshore 

dispersal was evaluated by simulating horizontal 
transport with particle trajectories through each sta- 
tion, using the ocean surface current vectors 
recorded during the experiment. Figure 3 shows 
three examples of trajectories passing through posi- 
tions near selected stations. The trajectories reveal 
that station 102, at the inshore edge of the FC, was 
strongly influenced by the passage of the eddy. 
Water, originating in the FC, was entrained by the 
eddy and transported onshore and westward (Fig. 

... a cyclonic spin- 

off eddy . . . 
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Fig. 3: The trajectories represent the simulated trans- 
port patterns offish larvae when treated as passive par- 
ticles. The surface current maps in each pane! corre- 
sponds to the flow field at the sampling time, T0, of the 
selected station. A cluster of trajectories from the nine 
OSCR cells surrounding a station were computed for a 
period of 12 h before and after the sampling time. X, 
start of each trajectory bundle (i.e., T0-12). 

3a). Similar conditions existed at the offshore station 
(106) of the central transect. Here FC water was 
mixed with entrained coastal water as a result of a 
current reversal induced by the eddy (Fig. 3b). This 
clearly shows that the central stations (105 and 106) 
were both exposed to water of oceanic origin, which 
crossed the boundary current into the coastal domain 
by means of eddy entrainment. During the western 

transect at station 108 (Fig. 3c), the trajectories 
showed purely coastal origin, with possible tidal in- 
fluence, moving slower but in the same direction 
(alongshore) as the main eastward flowing FC. 

Translocation 
Results from the upper 40-m samples strongly 

suggest species specific distributions were largely 
influenced by the dynamics of eddies. As a re- 
sponse to the eddy effect, representative species of 
each ecological grouping (i.e., reef, coastal, and 
oceanic) showed anomalies in regard to their dis- 
tribution across the strong FC frontal boundary. 
The displacement of oceanic tuna larvae (Thunnus 
sp.) toward shore in the middle transect in the con- 
vergence zone suggests that eddy dynamics al- 
lowed cross-frontal exchanges, translocating larvae 
shoreward (Fig. 4a). Most coral reef species spawn 
pelagic eggs; these eggs and newly hatched larvae 
move passively through the water column. They 
could be entrained from upstream locations in the 
FC front, having distributions more like larvae of 
oceanic fishes than reef fishes (Leis, 1993). Larvae 
from squirrelfishes (Holocentrus sp.) behaved in 
the same way as tuna larvae and were translocated 
shoreward by the spin-off eddy (not shown). 

The spawning behavior of nonreef shorefishes 
(i.e., coastal group) in tropical areas is less under- 
stood. They apparently migrate to the shelf edge to 
spawn (Leis and Reader, 1991). Tonguefish (Sym- 
phurus sp.) larvae representative of the coastal 
group were distributed further from shore than the 
tuna larvae, with highest abundance in the conver- 
gence zone of the main eddy (Fig. 4b). 

The spin-off eddies could also contribute to 
alongshore dispersal of shore fishes which spawn on 
the reef zone. Lower swirl speeds on the inshore 
edge of the eddy compared to its offshore edge 
could possibly trap early larvae. The simulated tra- 
jectories agree well with these biological interpreta- 
tions; Figure 4 depicts the influence of eddies on the 
spatial distribution of members of oceanic, shore, 
and reef fish groups depending on their origin. 

Conclusions 
This study has demonstrated the importance of 

eddy dynamics in assessing the distribution and 
abundance of reef fish larvae. The employment of 
radar remote sensing has provided not only a new 
perspective on larval ecology but also a viable ap- 
proach to direct biological sampling and made it 
possible to interpret the biological response to ob- 
servations of the dynamics of small-scale flow fea- 
tures. Our results revealed that the evolution of 
spin-off eddies along the edge of the FC front 
serve as recruitment mechanism for reef fishes by 
enhancing the following: 1) longshore dispersal of 
larvae from coastal origin and 2) cross-frontal ex- 
change of larvae from the adjacent oceanic FC 
(i.e., from oceanic origin) into settlement sites. Be- 
cause of the highly dynamic nature of coastal pro- 
cesses and the complexity of larval behavior, re- 
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Fig. 4: Spatial distribution of tropical larval fish abun- 
dances for representative species of the oceanic group 
(a) tuna (Thunnus sp.) and of the coastal group (b) 
tonguefish (Symphyrus sp.). 

mote sensing of surface processes provide crucial 
observations to advance our understanding in varia- 
tions of larval supply and recruitment rates. By 
linking remote sensing with other in situ and bio- 
logical measurements, we will not only identify the 
influence of nearshore physical forcing (tides, 
winds, and waves) on reef fish larvae transport, but 
we will also be able to determine the predictability 
of small-scale eddies in the Florida Straits and their 
impact in the coral reef ecosystems. 
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FEATURE 

EVOLUTION OF BEARING DETERMINATION 

IN HF CURRENT MAPPING RADARS 

By Donald E. Barrick and Belinda J. Lipa 
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in HF radar hardware 
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I EARLY ALL TARGET detection "radars" in exis- 
tence operate at microwave frequencies because 
their wavelengths are small enough that compact 
antennas provide both good angular resolution and 
high sensitivity. By contrast, at high frequency 
(HF) very large antenna arrays are needed to 
achieve similar results using traditional signal pro- 
cessing techniques. (To form and scan a beam 
equal in width to that from a 2-m microwave dish 
demands an HF receive antenna that is 2-3 km in 
length.) Despite this physical drawback, only at 
HF is the first and second-order sea echo directly 
relatable to surface waves and winds and, through 
the Doppler relation, to surface currents (Crombie, 
1955; Barrick, 1972). For example, at microwave 
frequencies Doppler shifts depend on many scat- 
tering properties of the surface in addition to the 
wave and current speeds. 

At HF as well as at microwave, range to a radar 
cell can be obtained accurately from the echo's 
time delay; Doppler is likewise obtained from 
spectral analysis of the echo time series. The prob- 
lem lies in the accurate determination of bearing. 
Much of the effort in HF radar hardware and soft- 
ware research over the past 20 years has been in 
the development of smaller, affordable antenna 
systems that maintain the bearing accuracy of the 
larger antenna arrays. Our paper summari7.es the 
latest advance in this quest, describing a powerful 
new direction finding (DF) algorithm called Mul- 
tiple Signal Classification (MUSIC), which is par- 
ticularly well suited for application to HF radar 
sea echo. Its performance is demonstrated using 
simulation analyses. 

Direction Finding Bearing Estimation 
As old as radio itself, the simplest DF system is 

a loop antenna rotated until the incoming signal 
vanishes. Knowledge of this null direction and the 
angular response function of the antenna provides 

Donald. E. Barrick and Belinda J. Lipa. CODAR Ocean 
Sensors, LTD.. 1000 Fremont Ave.. Los Altos. CA 94024. 
USA. 

information about the direction from which the 
radio signal is originating. 

Use of DF for current mapping began in 1975. 
The most compact realizations of DF techniques 
for this purpose have been the CODAR-type HF 
radars, which employ two crossed loops mounted 
around a whip (vertical monopole). An example of 
this antenna configuration is shown in Figure 1, 
along with stylized plots of the ideal angular am- 
plitude patterns for each of the three elements. In 
addition to the theoretical (and achieved) shape of 
the antenna patterns, the accuracy of all DF algo- 
rithms also depend on the signal-to-noise (S/N) 
ratio of the measured backscatter. 

Historically, current-mapping DF antennas and 
algorithms have taken several forms. Barrick et cd. 
(1977) and Gurgel (1997) used antenna elements 
separated by short distances and relied on phase- 
path differences to extract bearing. We focus here 
on the most compact systems where the antenna 
elements are colocated. Their inherent amplitude 
and phase pattern differences have led to use of 
the following DF techniques: 

1. The simplest algorithm, which takes the ratio 
of signals from the two loops (with sine and cosine 
patterns) and the whip (with omni-directional re- 
ception), and extracts bearing using the arctangent 
function. This closed-form algorithm is applied to 
each spectral bin constituting the Bragg peak. Al- 
though conceptually simple, this method is not ro- 
bust in the presence of spatially complex current 
fields or when antenna patterns are distorted. 

2. A least-squares algorithm that best-fits a 
model for each received Doppler frequency to 
measured cross spectra among the three antenna 
signals as demonstrated by Lipa and Barrick 
(1983). This method can handle both single- and 
dual-angle solutions (1 or 2 signals at the same 
frequency from different bearings) and provides 
limited statistical means for testing which solution 
fits the data better. Unlike closed-form solutions, 
the method can incorporate measured antenna pat- 
terns that may be distorted from the ideal patterns 
by nearby environmental obstacles (Barrick and 
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Lipa, 1986). Used for 15 years, this method suf- 
fers from the following two defects: 1) it is nu- 
merically inefficient because it uses a two-dimen- 
sional grid search to find best solutions to the 
nonlinear problem; hence, it is not easily extended 
to more complex antennas and 2) the covariance 
matrix among antenna signals for sea echo is sin- 
gular because they are correlated. This ineffi- 
ciency restricts the use of objective hypothesis 
testing to select between single and dual-angle so- 
lutions. 

3. The MUSIC algorithm as presented by 
Schmidt (1986). Using an eigenfunction analysis 
of signals received on N antennas, MUSIC can 
find up to N-l signal bearings at the same fre- 
quency. It takes advantage of the covariance ma- 
trix singularity in extracting bearing. 

MUSIC Applied to HF Current Mapping 
We provide here a stepwise procedural outline 

for the application of MUSIC to the HF direction 
finding problem: 
• Form a sample covariance matrix of the com- 

plex spectrally analyzed signals from the N an- 
tenna elements. (For the SeaSonde with N = 3, 
this is 3 X 3.) Each spectral bin corresponds to 
a known current radial velocity, which is the in- 
dependent variable of the problem. In practice, 
several consecutive cross spectra are averaged 
to get the sample covariance matrix. 

• Perform an eigenfunction analysis of the covari- 
ance matrix and order the eigenvectors from 
largest to smallest by eigenvalue. The biggest of 
these represents sea echo from one or more 
bearings at the given radial velocity, whereas the 
smaller eigenvectors are noise. By definition, all 
of the eigenvectors are mutually orthogonal. 

• Create the signal-model vector from the known 
antenna patterns. For our idealized case, these 
are sine, cosine, and constant functions of 
angle. If the patterns are distorted, their mea- 
sured responses are used instead. This becomes 
an N-element vector. 

• Determine candidate bearings using the funda- 
mental principle behind MUSIC; i.e., the signal 
model vector at a correct incoming echo bear- 
ing from the sea is orthogonal to all of the noise 
eigenvectors. The algorithm finds the angle(s) at 
which this condition occurs. For example, with 
the SeaSonde, one does this first for a single- 
angle possibility where N - 1 = 2 eigenvectors 
are assumed to be noise, followed by the dual- 
angle possibility where only N - 2 = 1 eigen- 
vector remains as noise. 

• Test to find which candidate bearings best-fit 
the data; Schmidt (1986) suggests the statistical 
chi-squared and F-tests. For the N = 3 Sea- 
Sonde system, which allows up to two angles 
for each radial speed from each Bragg peak, 
there can be from one to four angles found 
(each Bragg peak has independent information). 

Fig. 1: Stylized view of a coastal SeaSonde cwssed-loop/monopole receive 
antenna. Indicated at the antenna base are idealized patterns of the two 
loops (yellow and pink) and the vertical whip/monopole (white). 

More antenna elements admit more bearing so- 
lutions, as well as better angular accuracy and 
resolving capability, as demonstrated below. 

Simulations Using the MUSIC Algorithm 
The most obvious scenarios for developing and 

optimizing bearing-estimation algorithms involve 
the collection of "ground-truthing" current mea- 
surements. However, such endeavors are expen- 
sive and generally woefully inadequate in terms of 
the amount of data collected. Sometimes over- 
looked is the capability of simulations to offer 
cost-effective ways to optimize candidate algo- 
rithms. In this case, one controls the input current 
pattern against which extracted estimates are com- 
pared on a point-by-point basis, giving statistical 
estimates of error. The essence of our simulations 
with the MUSIC algorithm are given in the fol- 
lowing paragraph; details, such as the spectral 
models used to represent sea echo, can be found 
in Barrick and Lipa (1996). 

We evaluated the performance of the MUSIC 
algorithm under different ocean wave and current 
conditions. In these cases, the following three de- 
terministic patterns as a function of bearing angle 
were used as input to the simulations: 1) antenna 
element responses, 2) mean wind-wave (Bragg-sig- 
nal) distribution, and 3) mean radial current 
speeds. In addition, the following two input vari- 
ables were randomized: 1) the HF signal voltage at 
each bearing step, which was a zero-mean Gauss- 
ian sample whose variance followed the Bragg-sig- 
nal distribution, and 2) radial current fluctuations 
about the mean current at each bearing step. 

Scenarios Studied 
In this paper we examine two ocean scenarios 

that are both commonly encountered and reason- 
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ably complex. The first scenario represents sum- 
mertime upwelling off the U.S. west coast. In this 
case, persistent winds from the northwest drive an 
offshore surface current to the southwest that 
brings deeper water to the surface along the coast. 
We consider the HF radar (SeaSonde) to be de- 
ployed on a straight coastline, as shown in the 
inset of Figure 2a. We assume that the wind-wave 
pattern has a typical cos4[(i/? - </>J/2] distribution 
over bearing <p, where (pK is the onshore wind di- 
rection (Fernandez et al., 1997). The mean radial 
current pattern for an annular range cell is mod- 
eled by the solid curve shown on Figure 2a. This 
scenario is a good test for any algorithm because 
it has both single- and dual-valued speed ranges 
versus angle. The open circles on Figure 2a are 
estimates retrieved using MUSIC with no random- 
ization of the input current, whereas the x's are 
the estimates for which a ±10 cm/s [root mean 
square (rms)] fluctuation was added to the mean 
pattern. These results are based on the optimized 
processing and algorithm parameters described in 
the next section. 

The second scenario tested includes an oceano- 
graphic front. During this rare but interesting 
event, the current changes abruptly, as much as 50 
cm/s, over a very short distance. We model this by 
shifting a portion of the upwelling current pattern 
(Fig. 2a) upward by 45 cm/s. The result (Fig. 2b) 
is quite stressing for any bearing estimation 
method, both because of the difficulty of resolving 
the discontinuity as well as the fact that the prob- 
lem is now triple- or quadruple-valued. For exam- 
ple, a beam-scanning phased array with a 100-m 
antenna and resulting 14° beamwidth would smear 
(i.e., low-pass-filter) through this front. To test the 
direction-finding MUSIC algorithm on this sce- 
nario, we added a ±5 cm/s (rms) random current 
component to the mean pattern. Results are pre- 
sented in Figure 2b for the standard, three-element 
antenna configuration used in the SeaSonde and 
for an expanded, five-element array with two addi- 
tional monopole elements positioned as shown in 
the inset. The results are encouraging, even for 
this extreme frontal situation. 

Optimization of the MUSIC Algorithm 
Although continued experience always leads to 

improvements, a considerable amount of testing 
and comparisons with input have led to what we 
consider at this point to be the best mix of pro- 
cessing and algorithm parameters. These have 
been used to obtain the extracted points displayed 
in the above figures. They are based on two fairly 
stressing current scenarios with up to quadruple- 
angle solutions, as well as an abrupt jump. The 
optimum processing flow that we now recommend 
involves the following steps: 
• Perform fast Fourier transforms on the N an- 

tenna signals every 256 s. At 13 MHz this re- 
sults in a velocity resolution of 4.5 cm/s. 

• Form three-sample covariance-matrix averages 
of these N signals versus Doppler shift (radial 
speed) with -30% overlap. This provides radial 
current estimates every 10 min. 

• Accumulate MUSIC-derived bearings versus ra- 
dial velocity every 10 minutes over one hour. 

• Apply a running average filter over 10° in bear- 
ing angle stepped along every 2°. 

To resolve the multiple-angle hypotheses 
within the MUSIC algorithm, the dual-angle solu- 
tion is selected for our N = 3 SeaSonde if the fol- 
lowing three conditions are all met: 1) The ratio of 
the largest two eigenvalues is >20, 2) the ratio of 
the two signal powers is >10, and 3) the ratio of 

North 
Coast 

-90-60-30 0 30 60 90 
Bearing from Coast Perpendicular, degrees 

Fig. 2: Input mean radial current pattern versus 
bearing (solid curves) for California coastal up- 
welling scenario (a) showing retrieved MUSIC 
bearings for a three-element SeaSonde antenna 
with no random current component (green circles; 
rms error = 2.1 cm/s) and with a 10 cm/s rms 
random fluctuation (red crosses; rms = 4.9 cm/s) 
and for a frontal jump of 45 cm/s at 15° bearing 
(b) showing retrieved bearings for a three-element 
SeaSonde antenna (red crosses; rms error = 5.7 
cm/s) and for a five-element antenna with two ele- 
ments added off to the side (green circles; rms 
error = 3.8 cm/s). For case (b) a random 5 cm/s 
rms fluctuation was added to mean currents for 
both antenna configurations. 
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the minor diagonal element product to the princi- 
pal diagonal product of the 2 X 2 signal matrix is 
1/3, which is a measure of the matrix' positive 
definiteness. 

The present SeaSonde operates with N = 3 an- 
tenna elements, all mounted on a single post. We 
examined various configurations where extra ele- 
ments were added off to the side. The N = 5 con- 
figuration found to be best is that shown on Figure 
2b where whips (monopoles) are placed \ and 1 
wavelength to either side of the crossed-loop/mono- 
pole unit. 

Summary and Conclusions 
Analysis of different ocean wind, wave, and 

current scenarios in simulations of radial current 
retrieval algorithms using HF radar backscatter 
should continue. This endeavor helps us both to 
develop new algorithms and to quantify the accu- 
racy of these algorithms. The present study is a 
snapshot of some recent progress in this area ap- 
plied to small-footprint, direction-finding systems. 
The same techniques can be applied to algorithms 
used with beam-forming systems (e.g., Barrick and 
Lipa, 1996). A summary of what we have found 
using the MUSIC algorithm reveals: 

• Errors with the 3-antenna SeaSonde system 
using 1-h averaging are ~2 cm/s for dual-angle 
scenarios, like the upwelling example, when no 
random current fluctuations are added to the 
mean current pattern. These errors increase to 
~5 cm/s when ±10 cm/s rms fluctuations are 
added to the mean currents. 

• Adding additional antenna elements to the basic 
three-element SeaSonde configuration improves 
its ability to map complicated current scenarios, 
such as the quadruple-angle front scenario. The 

five-element configuration tested here was able 
to retrieve the abrupt current jump across the 
front in the presence of ±5 cm/s rms current 
noise. In the case of the smoother current pat- 
terns, such as the upwelling scenario, there is no 
appreciable accuracy difference between the 
three- and five-element antenna configurations. 
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FEATURE 

VALIDATION OF HF RADAR MEASUREMENTS 

By Rick D. Chapman and Hans C. Graber 

H, 

Dut oceanographers 

. . . may reasonably 

ask how accurate 

can such remote 

measurements be 

made? 

LF RADARS ARE A UNIQUE and powerful tool for 
measuring surface currents. They provide an un- 
paralleled window into the spatial variations of 
near-surface currents. But oceanographers who are 
more accustomed to measuring currents with in- 
struments that actually get wet may reasonably ask 
how accurate can such remote measurements be 
made? And while this is an easy and obvious 
question to ask, it is an interestingly difficult ques- 
tion to answer. 

We have been studying the accuracy of the 
OSCR HF radar system through analysis of data 
from the Office of Naval Research (ONR)-spon- 
sored High-Resolution Remote-Sensing Experi- 
ment that was conducted off Cape Hatteras, North 
Carolina during the summer of 1993. This experi- 
ment provided a unique opportunity to examine the 
complex questions of HF radar accuracy. Along 
with several weeks of HF radar data, we had access 
to multiple in situ measurements of current from 
both moored and ship-based devices. In a series of 
analyses, we have attempted to validate the HF 
current measurements through comparison with the 
in situ data. The key has been to examine the tem- 
poral and spatial variations within these data in 
order to distinguish the sources of the underlying 
differences between the systems we compare. 

Comparisons with In Situ Instruments 
When evaluating the accuracy of a new instru- 

ment, the typical procedure is to compare side-by- 
side measurements made with both the new instru- 
ment and an older instrument of known accuracy. 
It is important in such a comparison that the two 
instruments are measuring the same physical quan- 
tities, but this is a problem in evaluating the accu- 
racy of an HF radar. The canonical HF radar mea- 
sures near surface currents integrated over the 
upper 50 cm, averaged over a 1-km square and av- 
eraged over a 10-min period. Typical in situ cur- 
rent meters measure currents at fixed depths that 
are typically greater than the HF radar's effective 
depth, at essentially a single point in space and 

Rick D. Chapman, Applied Physics Laboratory. Johns 
Hopkins University, Johns Hopkins Road. Laurel. MD 20723. 
USA. Hans C. Graber, Rosenstiel School of Marine and Atmo- 
spheric Science. University of Miami. Miami, FL 33149, USA. 

offer fast response. The differences observed when 
these systems are compared are a result of differ- 
ences in the measured quantity combined with the 
sampling techniques and inaccuracies of the in- 
struments themselves. This makes it difficult to 
isolate the accuracy of the HF radar from other 
sources of observed difference. 

The first pioneers in this field compared HF 
radar measurements with drifters (Stewart and Joy, 
1974; Barrick et al., 1977; Frisch and Weber, 
1980). These comparisons were limited by the 
paucity of data and limits on the spatial and tem- 
poral coverage of the drifters, but they served to 
provide an upper bound on the errors of the HF 
system of 15-27 cm/s. Some later investigations 
compared the HF radar data with bottom-mounted 
Acoustic Doppler Current Profilers (ADCPs) or 
moored instruments (Holbrook and Frisch, 1981; 
Leise, 1984; Porter et al., 1986; Matthews et al., 
1988; Shay et al, 1995), finding differences rang- 
ing from 9 to 17 cm/s. Prandle (1991) performed a 
similar study but limited the comparisons to tidal 
and lower frequencies. The argument was made 
that these low temporal frequencies imply low 
spatial frequencies, making the in situ measure- 
ments made at a point more comparable to the 
area- and time-averaged HF radar measurements. 

In our initial study (Chapman et al, 1997) we 
compared in situ measurements from ship- 
mounted and towed ADCPs with HF radar mea- 
surements. We began by averaging the in situ data 
into 20-min samples, corresponding to the OSCR 
sampling period. A pseudo time series was then 
constructed from the time series of OSCR current 
maps, by tracking the movement of the ship 
through the OSCR measurement domain. Thus we 
constructed a subset of the OSCR data that was di- 
rectly comparable with the in situ data set. 

The direct comparisons of HF and in situ cur- 
rent measurements made in this way, an example 
of which is shown in Figure 1, indicate differences 
of 8-15 cm/s. But from this limited form of com- 
parison, it is impossible to determine how these 
differences are apportioned between errors in the 
HF radar, errors in the in situ sensors, or differ- 
ences in the measured quantities. 

We have improved on these analyses by creat- 
ing a model of the errors in the HF radar, and ex- 
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amining how these errors differ from those of the 
in situ sensors. This simple model allows us to 
separate out the various sources of difference. We 
began by considering the geometric dependence of 
errors in the HF radar. 

Geometric Model of HF Radar Errors 
As described elsewhere in this issue, the HF 

radar estimates vector currents by measuring the 
radial currents from two separate stations. These 
two radial estimates are then combined to form es- 
timates of the vector current at each point in the 
measurement domain. It is reasonable to assume 
that each of the stations measures the radial veloc- 
ity to the same levels of accuracy. We will further 
assume that, with proper installation of the HF 
radar systems (in particular the proper physical 
and electrical alignment of the phased array anten- 
nas), these radial velocity errors are relatively po- 
sition independent, at least for those ranges where 
the signal-to-noise ratio is sufficiently high. It then 
turns out that combining these two radial velocity 
measurements into a vector current measurement 
imposes a position-dependent error on the vector 
components. 

This is most easily seen by considering Figure 
2, which indicates the station locations and cover- 
age area of the OSCR system for the High-Res ex- 
periment. Assume that each radial velocity mea- 
surement has an associated root-mean-square 
(rms) error of ar. Consider the errors in the North 
and East current components determined at a point 
at the far extreme of the map, due East of the sta- 
tions. As the range increases, the East component 
of the velocity takes the form of the average of the 
two radial components, and thus the rms error in 
the east component approaches ajyl. In contrast, 
the North component of the current is related to 
the difference of the radial components, a differ- 
ence of large numbers, and so we would expect 
the errors to be significantly larger than ar. 

We in fact have worked out a model for the po- 
sitional dependency of the rms errors in the cur- 
rent components, the results of which are shown 
by the contours in Figure 2. We write that the er- 
rors in a current component are given by 

an = GDOPn • ar, ae = GDOPe • ar 

where an and cre are the rms errors in the north or 
east directions, ar is the radial velocity error from 
a single station, and GDOPn and GDOPe are the 
Geometric Dilution of Precisions, factors deter- 
mined by our model. (The GDOP terminology was 
borrowed from the Global Positioning System 
(GPS) community, e.g., see Wells et al., 1986). 

The contours of constant GDOP in Figure 2 
indicate that the errors in the north component 
of the HF radar current measurements will be 
larger than in the eastern component. Further- 
more, the errors in the HF radar determination 
of the north component of the current vary sig- 
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Fig. 1: Comparison of north component of near- 
surface current as determined by a ship-mounted 
ADCP at 4.6 m depth and OSCR. The rms differ- 
ence between the estimates is 14.8 cm/s. The dot- 
ted line is a line of equal velocity. 
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Fig. 3: Variations of the square of observed 
current component differences with GDOP2. 
The dashed line represents a least-squares lin- 
ear fit to these data, the slope of which indi- 
cates <rr, the noise in the radial component of 
OSCR currents. 

nificantly with location within the measurement 
footprint. 

As mentioned above, the differences between 
the HF radar and in situ data can be attributed to 
three terms: 

°~diff — °HF +   /T +   tT 
in situ physics 

where aA is the rms difference between the 
is the rms error in the HF 

'diff 
measurements, a\ 
radar measurement, <T,„ „,„ is the rms error in the 
in situ measurement, and a h ics is the rms differ- 
ence in the physical parameters measured by the 
HF radar and in situ instruments. We have as- 
sumed here that the errors in the in situ measure- 
ments and the rms differences in the physical 
parameters are uncorrelated with the rms errors 
in the HF radar measurements, an assumption 
that we have verified by statistical analysis of 
our data sets. 

Our problem is thus reduced to finding a2
HF 

given the observed ajlff. Our model suggests that 
the observed errors should be expressible as 

od)ff=a?-GDOP + a0)her 

Figure 3 is a plot of the squares of the observed 
differences in the north current component versus 
the square of GDOP„ as determined by the model 
and the in situ measurement location. Although 
these data are obviously noisy, a least-squares lin- 
ear fit does suggest that ar is of the order of 7-8 
cm/s, a value comparable with the rms noise in 
the in situ sensors. Although all of this might 
seem a bit round about, we know of no other way 
of separating the accuracy of the HF radar from 
the other sources of differences. 

Error Budget 
As a further check, the error budget above can 

be further expanded, with the individual terms 
aphysic* eacn accounted for separately. This can be 
done either from the data or from geophysical 
models. 

The data-centric approach examines the struc- 
ture functions of the current, or the expected rms 
value associated from currents measured at two 
different locations, depths or times, as a function 
of distance, depth, or lag. Figure 4 contains the 
spatial structure function of the expected differ- 
ences as estimated from the OSCR data sets and 
several moored current meters. 

While Figure 4 provides an estimate of the 
magnitude of the differences attributable to spatial 
inhomogenieties in the currents, these differences 
do in fact vary in a complex manner. This is 
shown in Figure 5, which plots contours of the 
rms differences (black), along with the magnitude 
of the complex correlation coefficient (red), for 
the OSCR currents referenced to a single OSCR 
cell near the middle of the measurement domain. 
The alignment of the mean differences with the 
Gulf Stream is evident, along with associated 
cross-stream decorrelation of the current fluctua- 
tions. 

Alternatively, geophysical models can provide 
estimates of the expected differences, by modeling 
such physical processes as horizontal current vari- 
ability, the Stokes drift, Ekman drift, and current- 
induced baroclinicity. 

Graber et al. (1997) combined these ap- 
proaches to examine how much of the total ob- 
served variance can be accounted for. They con- 
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eluded that 40-60% of the observed rms differ- 
ences between the radar-derived surface current 
and the near-surface current measurements can be 
explained. Their study indicated that differences 
due to spatial separation and baroclinicity appear 
to be comparable with the errors in the radar mea- 
surements themselves. However, in strongly 
wind-forced ocean conditions, the Stokes and 
Ekman drift terms can easily dominate these dif- 
ferences. 

Conclusion 
Direct comparisons of HF radars with in situ 

instruments place an upper bound on the accuracy 
of the radar-derived current measurements of 
10-15 cm/s. These estimates can be improved by 
examining the spatial dependence of the variability 
of observed current differences. This procedure 
suggests that the radar-derived radial velocity er- 
rors are more likely on the order of 7-8 cm/s. Fur- 
ther analysis of the underlying causes of differ- 
ences suggests that most of the differences can be 
accounted for in terms of surface current variabil- 
ity in space, depth, and time, as well as errors in 
the in situ and radar-derived currents. We con- 
clude that when properly deployed, HF radars can 
accurately measure ocean surface currents, provid- 
ing a unique tool for near-shore monitoring. 
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FEATURE 

SHIPBOARD DEPLOYMENT OF A VHF 
OSCR SYSTEM FOR MEASURING 
OFFSHORE CURRENTS 

By Richard A. Skop and Nicholas J. Peters 

I 

... the mounting 

arrangement used 

successfully averted 

ship hull and 

superstructure inter- 

ference. 

N JULY 1994, an OSCR unit was deployed 
aboard the R/V Columbus lselin to explore the 
feasibility of obtaining offshore, vector surface 
currents from a single platform. The concept is 
straightforward. With the vessel stationary at some 
location, the OSCR transmit-receive cycle is initi- 
ated, and the measured radial currents over the 
OSCR grid are recorded. The ship then transits to 
a new location, the transmit-receive cycle is reini- 
tiated, and the measured radial currents are again 
recorded. With the existing OSCR system, the 
OSCR grid moves along with the ship. Hence, to 
construct vector surface currents from the mea- 
sured radial currents at the two ship locations, 
pairs of cells within reasonable proximity to each 
other are identified (in our case, post-experiment), 
the average position of the pair is calculated, and 
both radial currents are assumed to have their ori- 
gins at this average position. 

In practice, a ship cannot remain stationary at a 
fixed location. To maintain the constant heading 
necessary for beamforming, the Columbus lselin 
was operated at a forward speed of ~ 1 m s~' during 
the 5-min OSCR transmit-receive cycle. The for- 
ward speed was determined from two or three suc- 
cessive, 2-min interval, Global Positioning System 
(GPS) readings during the transmit-receive cycle. 
The forward speed biases a measured radial cur- 
rent by adding to it the component of the forward 
speed in the direction of the radial. To correct for 
this bias and obtain the radial current that would 
be measured from a stationary site, the appropriate 
component of the forward speed must be sub- 
tracted from the measured radial current (Peters 
and Skop, 1997). 

Additionally, wave-induced, periodic ship mo- 
tions can degrade the spectral returns to the point 
where the Bragg peaks cannot be identified, as dis- 
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cussed by Skop et al. (1994) and Peters and Skop 
(1997). The periodic motions were monitored con- 
tinuously during a transmit-receive cycle using a 
six-channel accelerometer system (Skop et al., 
1994). The motions were found to be negligible, 
and the spectral returns were unaffected, because of 
the light seas encountered during the experiment. 

Finally, the transmit antenna and the receive 
antenna elements must be mounted aboard the ves- 
sel in a manner that minimizes ship hull and su- 
perstructure interference with the transmitted and 
backscattered signals. The mounting arrangement 
for the July 1994 deployment was identical to one 
used in an earlier deployment where the Columbus 
lselin was four-point anchored and shared an 
OSCR grid with a land-based unit. The analysis of 
the ship and shore-based spectra from this earlier 
deployment demonstrated that the mounting 
arrangement used successfully averted ship hull 
and superstructure interference (Skop et al., 1994). 

The July 1994 experiment was conducted with 
the ship-referenced OSCR grids overlapping in the 
high-speed, northerly flowing Florida Current. The 
vector surface currents extracted from the OSCR 
measurements agreed well with the expected val- 
ues of the speed and direction of the Florida Cur- 
rent (Peters and Skop, 1997). These results estab- 
lish the feasibility of measuring ocean surface 
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Fig. 1: The OSCR and accelerometer system 
arrangements aboard the Columbis lselin. Not to 
scale. 
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Fig. 2: Ship trajectories for the first diamond 
transect during the July 1994 offshore experiment. 

currents from a single platform using an OSCR- 
type system. 

Conduct of the Experiment 
The OSCR installation aboard the Columbus 

Iselin is depicted in Figure 1. The unit was used in 
its very high frequency (VHF; 50 MHz) mode. 
The Yagi transmit antenna was located as far to- 
ward the bow as possible and positioned so that its 
main lobe did not intersect the ship superstructure. 
The antenna was also raised on pylons to prevent 
any intersection between its main lobe and the bul- 
warks. The receive antenna elements were 
mounted, whip ends vertically upward, slightly 
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Fig. 3: Vector current maps of the Florida Cur- 
rent on July 22, 1994. (A) From legs 1 and 2 at 
1500 UTC; (B)from the corresponding legs of the 
second offshore transect at 1700 UTC. 

outboard of the hull and slightly above the bul- 
warks. Twelve receive antenna elements were used 
with a horizontal spacing of 3 m between ele- 
ments. The transmit antenna and the receive ele- 
ments were electrically insulated from direct con- 
tact with the ship and were commonly grounded to 
the ship electrical ground. 

The ship made transects, twice, in a diamond 
pattern offshore of Key Biscayne and within the 
Florida Current. The transmit-receive cycles coin- 
cided with the ship at the corners of the diamond. 
The ship path and UTC times from immediately 
preceding to immediately following each data col- 
lection cycle are shown in Figure 2 for the first di- 
amond transect. Each diamond transect was initi- 
ated with a south to north pass (leg 1), followed 
by a west to east pass (leg 2) and a north to south 
pass (leg 3), and concluded by an east to west pass 
(leg 4). The influence of the northerly flow of the 
Florida Current can be seen in Figure 2 through 
the northerly drift of the ship during the west to 
east and east to west passes. 

Vector Surface Currents 
The vector surface current maps constructed 

from legs 1 and 2 of the first offshore transect and 
from the corresponding legs of the second offshore 
transect are shown, respectively, in Figure 3, A 
and B. A northerly surface current on the order of 
170 cm/s was found from the data. For the vector 
current map constructed from legs 1 and 2 (Fig. 
3A), the mean value of the current over the OSCR 
grid is 163 cm/s with a standard deviation of 20 
cm s-'. The mean direction (bearing from north) of 
the flow is 1° with a standard deviation of 10°. For 
the vector current map constructed from the corre- 
sponding legs of the second offshore transect (Fig. 
3B), the mean value of the current over the OSCR 
grid is 177 cm s~' with a standard deviation of 24 
cm s']. The mean direction of the flow is 352° with 
a standard deviation of 8°. The mean values of the 
current magnitude and direction are consistent 
with the values measured in the Florida Current by 
Leaman et al. (1987). 
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FEATURE 

EXPERIENCE WITH SHIPBORNE 
MEASUREMENTS OF SURFACE 
CURRENT FIELDS BY HF RADAR 

By Klaus-Werner Gurgel 

Oc 

I here are several 

difficulties to be 

solved for successful 

measurements of 

surface current fields 

from a slowly sailing 

ship . . . 

'CEANOGRAPHIC RESEARCH using HF radar tech- 
niques started in Germany in 1980 by adopting 
NOAA's COD AR (Coastal Ocean Dynamics Appli- 
cations Radar), which has originally been introduced 
by Barrick et al. in 1977. In Germany, the CODAR 
has been modified and used during several experi- 
ments since 1981. From 1985 to 1992, the University 
of Hamburg CODAR has been extended for ship- 
borne operation. The first experiment has been carried 
out on board the German icebreaker Polarstern, 
which most of the time has been sailing within the 
ice, far away from open water. The main result of this 
experiment was that the attenuation of ice-covered sea 
reduces the performance and working range ex- 
tremely. Good measurements have only been possible 
with the ship sailing at the ice edge or in open water. 
However, this application did not need an icebreaker, 
so the following experiments have been carried out 
using the University of Hamburg RN Valdivia. 

The intention for operating the CODAR on- 
board a ship was to enable the measurement of 
surface current fields in front of the rough Norwe- 
gian coast, where the combination of a land-based 
and a shipborne CODAR has been used during the 
NORCSEX'88 experiment (Essen et al., 1989), 
and on the open sea at the ice edge and at the Arc- 
tic Front. There are several difficulties to be 
solved for successful measurements of surface cur- 
rent fields from a slowly sailing ship, which will 
be discussed in the following sections. Finally, 
some results of a measurement campaign at the 
Arctic Front are shown. A more complete discus- 
sion of the shipborne CODAR can be found in 
Gurgel (1993) and Gurgel (1994). 

Difficulties in Operating a Shipborne HF 
Radar 

During several experiments using three different 
ships, some main difficulties have been identified: 

Klaus-Werner Gurgel, Universität Hamburg. Institut für 
Meereskunde, Troplowitzstrasse 7, D-22529 Hamburg. Ger- 
many. Email: gurgel@ifm.uni-hamburg.de 

• to measure speed and direction of the ship and 
keep it as constant as possible; 

• to compensate the influence of the ship on the 
antenna array; and 

• to filter out the additional phase modulation of 
the sea echoes due to the pitch and roll motion 
of the ship. 

The Global Positioning System (GPS) has been 
used for navigation. In near shore areas, other sys- 
tems show acceptable accuracy and can also be 
used. The other difficulties are described in the 
following sections. 

Antenna Arrangement to Minimize the Distortion 
of the Antenna Pattern 

The first problem when setting up a HF radar 
onboard a ship is to find an appropriate location 
for the antenna systems. In contrast to the land- 
based radar, there is a severe interaction between 
the ship's body and the receiving antenna array, 
which still must be usable to find the direction of 
the sea echoes. Similar to the land-based system, 
the receiving antenna is a four-element array of 
vertical polarized X/4 ground planes arranged in a 
square as described in Weber and Leise (1982). 
The arrangement of antennas finally selected can 
be seen in Figure 1. 

The amplitude characteristics and phase differ- 
ences of the four antennas are calibrated in the ship's 
environment before starting a measurement cam- 
paign. This is done by transmitting a constant signal 
from the coast and receiving it at the ship about 5 
nautical miles away. To find the incident angle of a 
sea echo, a least-squares-fit of the measured phase 
differences to the calibration values is used. 

Although the calibration values are used in find- 
ing the incident angle, in the presence of super- 
posed gaussian noise on the sea echo's phase differ- 
ences, a non-gaussian distribution of resolved 
incident angles can be observed. The average angle, 
therefore, can be distorted by an offset, which in- 
creases with growing noise due to pitch and roll 
motions or decreasing strength of the sea echoes. 
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Receive Antenna 

Fig. 1: The arrangement of antennas on RA/ Valdivia. 

Ship's Pitch and Roll Movement 
Another difficulty in analyzing the backscat- 

tered sea echoes is the ship's pitch and roll move- 
ment causing the sea echoes to be superposed by 
amplitude and phase modulation. Amplitude mod- 
ulation is due to rotating the antenna out of the 
vertical polarization and changing the antenna's 
coupling to the sea surface; phase modulation is 
caused by changing the distance from the scatter- 
ing area to the antenna. It turned out that phase 
modulation is the major effect. 

A filter algorithm has been developed to separate 
this modulation from the sea echoes, which works 
well to -10 dB modulation strength. A high roll fre- 
quency of the ship will be an advantage in this con- 
text. As the ship's movement is a function of the 
sea state and the sea state a function of wind speed, 
-10 dB modulation strength will be exceeded at 
wind speeds above 19 m s_1 for R/V Valdivia. 

Hints on Operation of a HF Radar Onboard a 
Ship 

• A big and heavy ship has the advantage of weak 
pitch and roll movements, reducing modulation 
effects. 

• If only a smaller ship is available, it should roll 
at a frequency higher than 0.12 Hz to get the 
modulation products as far away from the sea 
echoes as possible. 

• The ship should run at the lowest speed possible 
to sail a constant course. Because of errors in 
the direction finding algorithm for the sea 
echoes, the ship's speed may be compensated 
by a wrong value. 

• The ship's speed must be <3 kt to resolve cur- 
rent velocities up to 1 m s1. 

• Installing the receiving antenna low above the 
sea reduces phase modulation due to pitch and 
roll movements, but the distortion of the an- 
tenna pattern may increase because of a nearer 
distance to the ship's body. 

System Accuracy 
If the above requirements are met, an accuracy 

of 2-5 cm s"1 for the radial component of the cur- 
rent velocity and an azimuthal resolution of 3° can 
be achieved. These values can be calculated from 
the statistics of the data. A practical working range 

at a radar frequency of 29.85 MHz is 45-50 km, 
when integrating the sea echoes over an 18-min 
time interval. These characteristics are valid up to 
sea states at 19 m s~' windspeed for R/V Valdivia 
and using GPS without Selective Availability (SA) 
activated for correction of the ship's speed. SA 
has been introduced to degrade the accuracy of 
GPS available to nonmilitary users. 

Surface Currents at the Arctic Front 
The shipborne CODAR has been used during 

several cruises to the Arctic Front above Mohn's 
Ridge near Svalboard. The Arctic Front is origi- 
nated by the West Svalboard Current carrying 
warm and salty North Atlantic water to the north 
and recirculation of cold and less salty Arctic 
water carried by the East Greenland Current to the 
south. Eddies at 10-20 km diameter and current 
speeds up to 50 cm s_1 can be observed. 

HF Radar Measurements 
Because there was only one ship available dur- 

ing the campaign in August 1989, the ship had to 
be moved to different positions to obtain the mea- 
surements of radial components of the surface cur- 
rent field from different angles. Additionally, the 
GPS navigation had been available for some hours 
a day only, so scanning the complete area took 
one and a half day. Fortunately, SA had not been 
activated at that time, so GPS accuracy was suffi- 
cient without additional equipment. 

Under these conditions, it must be assumed that 
the surface current field is stable over one and a 
half day. Because the windspeed kept changing 
during this time, the wind-driven part of the sur- 
face current was estimated to be 

V0 = 0.018' 
cos (-15°) 

sin (-15°) 

-sin (-15°) 

cos (-15°) 
W 

and subtracted from each measurement of radial 
components before calculating the two-dimen- 
sional current field. The ratio IV0I/IWI = 0.018 and 
angle = 15° have been published by Essen (1992). 
The result can be seen in Figure 2a. 

Current Field Calculated From CTD and XBT 
Data 

Standard oceanographic equipment has been 
used on R/V Valdivia parallel to the HF radar, 
which includes a temperature/salinity sensor 
mounted at the ship, 4 m below the sea surface, 
CTD (Conductivity Temperature Depth) and XBT 
(expendable Bathy Thermograph) sondes. 

To get a fast overview, the area has been 
scanned by the temperature/salinity sensor and 
XBTs. Only a few CTD measurements were taken 
at that time. After knowing the location of the 
Arctic Front from the temperature signal, the CTD 
measurements were intensified and the density 
field at the front has been measured. 
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Fig. 2: (a) Surface current field calculated from 10 measurements of radial components taken by the shipborne HF radar 
at different positions and courses between 15 AUG 1989 17:08 UT and 17 AUG 1989 09:41 UT. The varying winddriven 
part of the surface current has been removed, (b) Surface Current field calculated from the three-dimensional density 

field, derived from CTD and XBT measurements between 11 AUG 1989 17:00 UT and 14 AUG 1989 22:00 UT. 
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Because the fast survey gives a more synoptic 
approach, which can better be compared with the 
HF radar measurements, a typical temperature- 
salinity correlation has been derived from all CTD 
data and was then used for the XBT data to add a 
typical salinity profile. By this way, all XBT and 
CTD measurements during the fast survey could be 
used to calculate geostrophical currents at the sea 
surface. The result can be seen in Figure 2b. 

When subtracting the varying wind-driven part 
from the radial components of the current fields as 
measured by HF radar, a good agreement with the 
geostrophical current field can be found within the 
calculated accuracy of the HF radar measure- 
ments. The main current structure of the Arctic 
Front can be seen in both figures. Additionally, 
one has to keep in mind that there is a time lag of 
some days between the two current fields, that the 
density field has been modeled using a typical 
temperature-salinity correlation, and that none of 
the current fields shows a real synoptic approach. 

Conclusion 
HF radars can successfully be operated on- 

board a ship as long as the weather conditions do 
not cause the ship to roll and pitch too heavily. 
R/V Valdivia can be used up to sea states gener- 
ated by 19 m s~' wind speed. To compensate the 
ship's movement during operation of the HF 
radar, GPS can be used, as long as SA can be re- 
moved from the satellite data, which can be done 
by Differential GPS or by using state-of-the-art 
receivers. Because one radar measures only the 
radial component of the surface current field, ei- 

ther a second radar must be used, or, if the cur- 
rents are stable over some hours, the ship can be 
moved to get measurements from different direc- 
tions. Measured surface current fields at the Arc- 
tic Front have shown good agreement with con- 
ventional methods using CTD and XBT data. 
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FEATURE 

THE OCEAN WAVE DIRECTIONAL 
SPECTRUM 

By Lucy R. Wyatt 

1 HE DIRECTIONAL SPECTRUM S(k) [or S(f,ö)] mea- 
sures the distribution of wave energy in wave 
number, k, (or frequency, f) and direction. Differ- 
ent contributions to local wave energy, e.g., swell 
from distant storms and locally wind-generated 
waves, can be identified in a measurement of the 
directional spectrum (see Fig. 1). The direction of 
propagation of wave energy and the period (1/f) of 
the most energetic waves are important for many 
practical applications, e.g., the design and opera- 
tion of coastal and offshore structures and storm 
surge forecasts. 

The use of HF radar to make measurements of 
the spectrum is based on equations developed by 
Barrick (1972a,b) that relate the power spectrum 
of the backscattered signal to the ocean wave 
spectrum through a nonlinear integral equation. 
The backscattered signal is dominated by Bragg 
scattering, i.e., the ocean waves responsible for the 
scatter have a wavelength of one-half the radio 
wavelength. The measurement of the directional 
spectrum is only possible because ocean waves are 
not simple sinusoidal forms satisfying the linear 
dispersion relationship. If they were linear there 
would be only the two first-order peaks in the 
backscattered power (Doppler) spectrum. The non- 
linear properties of ocean waves give rise to waves 
with the correct wavelength for Bragg scatter but 
with different frequencies and hence different 
Doppler shifts. This is the second-order part of the 
spectrum described by Barrick's integral equation. 

To make the measurement, the integral equa- 
tion must be solved. This is not straightforward 
and a number of methods have been proposed 
(Lipa, 1978; Wyatt, 1990; Howell and Walsh, 
1993; Hisaki, 1996). No method as yet has gained 
widespread acceptance and there are no opera- 
tional HF radars making routine wave measure- 
ments. Here we concentrate on the Wyatt method 
and show some measurements from the Ocean 
Surface Current Radar (OSCR) HF radar system 

Lucy R. Wyatt, Sheffield Centre for Earth Observation Sci- 
ence School of Mathematics and Statistics (AM), University of 
Sheffield, Hounsfield Road, Sheffield S3 7RH, UK. 

that is marketed by Marconi Radar Co. as a sur- 
face current measurement radar and has a maxi- 
mum range of -20 km for wave measurement. The 
method has also been used with two different 
radar systems: Pisces, a system developed by Nep- 
tune Radar Ltd. from a University of Birmingham, 
U.K., prototype that has a maximum range of 
-150 km for wave measurement (Wyatt, 1991), 
and WERA (WEllen RAdar), a system under de- 
velopment at the Institut für Meereskunde, Univer- 
sity of Hamburg, Germany, with a maximum 
range similar to OSCR. 

The Method 
The concept of the method is simple. Signifi- 

cant waveheight and wind direction are estimated 
from the radar data using methods referred to else- 
where in this issue (Fernandez et al, 1997; Graber 
and Heron, 1997; see also Wyatt 1988; Wyatt et 
al, 1997). These are used to derive a model direc- 
tional spectrum using both the waveheight to de- 
termine a Pierson-Moskowitz wave number spec- 
trum and also the wind direction in a directional 
distribution. This model spectrum is fed into the 
integral equation that is integrated directly to de- 
termine the corresponding Doppler spectrum. Dif- 
ferences between this Doppler spectrum and the 
measured spectrum are used to modify the direc- 
tional spectrum at each wave number (within a 
limited range) and direction. This process is re- 
peated until the differences become sufficiently 
small. The way in which the modification is car- 
ried out is the key to the success of the method. 
The details are too complicated to be included 
here, but it is important to realize that although the 
method starts with a simple directional spectrum 
with a single wind-wave mode, the solution (when 
the procedure has converged) can be very differ- 
ent; for example, it has no problem detecting the 
presence of swell propagating in a very different 
direction. 

The method does not provide a measurement of 
the directional spectrum at all wave frequencies. 
High-frequency waves are not adjusted in the pro- 
cedure and retain the memory of the initializing 
spectrum. The cutoff, at OSCR frequencies, is 

I he measurement 

of the directional 

spectrum is only 

possible because 

ocean waves are not 

simple sinusoidal 

forms . . . 

OCEANOGRAPHY'Vol. 10, No. 2»1997 85 



06 28/12/95 054 

Radar        0.5 

22 21/12/95 055 

Radar 1.9 

07 22/12/95 055 

Radar        2.0 

17 17/12/95 074 

Radar        0.7 

300 

200 

100 
CD 
■a 

c 
o 

"-P     0 
Ü 
o 

x 1.0 m 

0.0        0.1 

waverider 
0.2        0.3        0.4 0.1 0.2        0.3        0.4 0.1 0.2        0.3        0.4 0.1 0.2        0.3        0.4 

1.0 waverider     1.9 waverider     3.4 waverider     1.3 

*/Hz/rad 

above 1.00 

0.90 - 1.00 

0.80 - 0.90 

0.70 - 0.80 

0.60 - 0.70 

0.50 - 0.60 

0.40 - 0.50 

0.30 - 0.40 

0.20 - 0.30 

0.10 - 0.20 

below 0.10 

Fig. 1: Directional spectra measured by the radar (top row) and estimated from the directional waverider measurement (bottom 
row) with frequency in Hz on the horizontal axis and direction toward which the waves are propagating on the vertical. Four differ- 
ent types ofwavefield are shown: (left) swell-dominated sea with a peak frequency of 0.09 Hz; (mid-left) swell (0.09 Hz) with some 
wind sea with a peak frequency -0.18 Hz; (mid-right) wind-sea (0.16 Hz.) with some swell (0.09 Hz); (right) wind-sea peaking at 
0.14 Hz. The hour and date of each measurement is shown together with the cell location of the radar measurement (all close to the 
wavebuoy site). The number above each plot is the peak in the directional spectrum for that plot. Arrow heads, short wave direction. 
The color coding is indicated on the right: dark blue, <0.1; yellow, >1.0. 
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-0.38 Hz, the exact value depending on the look 
directions of the two radars at the measurement 
point. The Lipa, Howell, and Walsh methods have 
similar limitations, the exact cutoff in each case 
depends on the model assumed for high frequen- 
cies and on the range of Doppler frequencies in- 
cluded in their analyses. Hisaki's method is a non- 
linear optimization method and in principle 
extends the range of frequencies, although the 
method has not been exhaustively verified. For 
most applications it is the longer, lower-frequency, 
energy-containing waves that are of interest. Wind 
speeds would have to be very low or fetch very 
short for the peak in the spectrum to be at frequen- 
cies close to the cutoff. 

An important difference between the Wyatt 
method and those of Lipa, Howell and Walsh, and 
Hisaki is the form of the solution. In the other three 
methods the directional spectrum is discretized in 
scalar wave number or frequency and is expressed 
as a truncated Fourier series in direction, which al- 
lows the problem to be expressed as a matrix equa- 
tion for the Fourier coefficients. The Fourier coeffi- 
cients used are the same five used in the analysis of 
directional wavebuoys; methods employed in the 
interpretation of buoy data can be applied directly. 
One limitation is difficulty in identifying wave 

components in the spectrum that are similar in fre- 
quency but different in direction. This, of course, 
applies both to the wavebuoy and the radar analy- 
sis. In the Wyatt method the directional spectrum is 
discretized in vector wave number and the solution 
is determined at each discrete vector wave number. 
One advantage of this method is that wave compo- 
nents in the spectrum that are similar in frequency 
but different in direction emerge naturally during 
the inversion (Wyatt and Holden, 1994). Validating 
the detailed structure in the radar-measured spec- 
trum is not straightforward because wavebuoys 
only measure limited detail. One approach is to 
partition the wave spectra into swell and wind- 
wave modes and compare integrated parameters for 
these. Such an approach is under development 
(Isaac and Wyatt, 1997). 

Holderness Measurements 
The data set used here to demonstrate the suc- 

cess of the method was collected using the OSCR 
HF radar during a deployment on the U.K. coast at 
Holderness. Directional waveriders were deployed 
at two offshore locations about midway between 
the radar sites, one in -10 and the other in -20 m 
water depth. Depth contours are roughly parallel to 
the coast deepening to 10 m -1 km offshore. The 
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Fig. 2: Time series of amplitude (significant waveheight), mean direction, and mean period obtained from 
the directional spectra measured by the radar (X) and from the directional parameters measured by the 
waverider ( ) in both cases integrated over the frequency band of 0.05-0.4 Hz. 

OSCR system used was provided by Wimpey En- 
vironmental (now GEOS Ltd.). Data were col- 
lected over a period of 1 mo from 17 December 
1995 to 16 January 1996 with short breaks over 
the Christmas-New Year period (the data require- 
ments for wave measurement require an operator 
to be on site). The radar measurement period in- 
cluded two high sea-state events, high for this re- 
gion at least, with significant waveheights reaching 
>3 m at the buoy positions (Fig. 1). Surprisingly 
for this region, there were very few examples of 
fetch-limited development. Figure 2 shows time 
series comparisons of significant waveheight, 
mean direction, and mean period obtained from 
the directional spectrum measured by the radar 
and a co-located wavebuoy; very good agreement 
can be seen. Similar comparisons can be made for 
these parameters measured over limited frequency 
bands; for example, waves with frequencies <0.1 
Hz, which, during this experiment at least, are 
swell waves. Again good agreement is found. 
Quantitative measures of the accuracy of a range 
of parameters describing the directional spectrum 
are being determined. 

One big advantage HF radar has over conven- 
tional wave measurement systems is the ability to 
monitor wave development in space as well as 
over time. This advantage is demonstrated very 
clearly with data collected on 21 December 1995 

in the early afternoon, a relatively calm period 
with high pressure over eastern Europe, low pres- 
sure over Scandinavia and to the west of the 
British Isles, driving a weak south-easterly wind 
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Fig. 3: The Holderness coastline is shown to the south-west of the map with 
the two radar sites indicated as M and S. Directions shown with arrowheads 
are those toward which the peak of the radar measured spectrum is propa- 
gating. The period of the peak is color coded as shown. This figure shows 
swell dominating over most of the region propagating from the north and re- 
fracting toward the coast. To the south, south-easterly wind waves dominate. 
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Fig. 4: Short-wave (wind) directions are shown with arrowheads. Significant 
waveheight is color-coded as shown and varies from <1.0 m near to the 
shore on 22 December 1995 at 1500 to >5 m offshore at 0900 on 23 De- 
cember 1995. The figure shows changes because of the passage of a low- 
pressure system through the region. 
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over the region. Fronts were building up in the 
west to come through the region over the next 24 
h, but in the meantime the synoptic pattern sug- 
gested that the wave field would be dominated by 
swell propagating southward down the North Sea. 
This pattern is exactly the same as seen over most 
of the radar coverage region. Figure 3 shows the 
direction of the peak of the spectrum superim- 
posed on the contoured peak period. Of interest is 
the spatial variation in these parameters. Swell, 
with a period of -10 s (yellow shades), can be 
seen propagating from the north and being re- 
fracted toward the coast as bottom depth de- 

creases. Swell energy is dissipated (not shown 
here), probably by bottom friction or by wave-cur- 
rent interaction. Tidal current speeds were large at 
the time of the measurement (>0.5 m/s), and al- 
though uniform in direction themselves (in 
roughly a southward direction), the direction rela- 
tive to the swell varies as the swell is refracted by 
the bottom topography. Wave breaking is unlikely 
to be a problem at these amplitudes in these 
depths. As a result of the dissipation of swell en- 
ergy, the spectral maximum in the south of the re- 
gion shifts to the wind-wave field with a peak pe- 
riod of <5 s (blue shades on the figure). 
Comparisons of amplitude, direction, and spread 
as functions of frequency measured by the radar 
and wave buoy confirm the swell and wind-sea di- 
rections and also show good agreement in relative 
amplitudes at the buoy location. 

A second example showing both temporal and 
spatial variability is presented in Figure 4 and 
shows significant waveheight determined from the 
directional spectra and short-wave directions 
(Wyatt et ah, 1997) at each measurement position. 
Short-wave directions can be made over a wider 
area because they use only the first order part of 
the Doppler spectrum. The figure shows the re- 
sponse of the wave field to a passing low-pressure 
system. Waveheights are initially low in response 
to offshore winds but increase after the low has 
passed through, leaving a strong north-easterly 
wind pattern and hence longer fetch. 

Concluding Remarks 
The data presented here have demonstrated that 

OSCR can measure the ocean wave directional 
spectrum. These OSCR measurements are much 
better than those previously published (Wyatt and 
Ledgard, 1996) because this Holderness deploy- 
ment configuration was optimized for wave mea- 
surement. Good agreement with wave buoy pa- 
rameters was shown and the comparison is now 
the subject of rigorous evaluation to provide quan- 
titative measures of parameter accuracy. Oceano- 
graphic consistency of the data over the region of 
the measurements is also being demonstrated. 

There remain some problems that need to be 
overcome before OSCR can become an opera- 
tional tool for wave monitoring. Some of these are 
purely technical; for example, the use of modern 
computer systems and, in particular, reliable and 
high-capacity data storage devices would signifi- 
cantly increase the temporal coverage because 
there would no longer be an onsite operator re- 
quirement. Others require further research, some 
of which is currently underway at Sheffield. One 
of the problems we have identified is a reduction 
in data availability during periods of varying sur- 
face current. This is because the first order peaks 
move about in frequency during the measurement 
period (responding to different current compo- 
nents) and prevent a clear distinction between first 
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and second order in the power spectrum. At pres- 
ent OSCR data from three separate surface current 
measurement periods (10 min in every 20) are av- 
eraged before extracting wave information (a sta- 
tistical requirement). Any current variability on 
time scales of <1 h causes a problem. This could 
be overcome by longer coherent data collections, 
thus obtaining sufficient averaging for wave mea- 
surement from a shorter time period, but at the ex- 
pense of reduced surface current sampling. Other 
approaches to this problem are under develop- 
ment. Another important problem, identified many 
years ago by Lipa and Barrick (1986), is a possi- 
ble upper waveheight limit beyond which the the- 
ory used in the inversion no longer applies. So far 
we have seen no evidence of the particular prob- 
lem they describe, although there are certainly dif- 
ferences between the second-order theory and the 
radar measurements in higher sea-states that may 
be affecting the accuracy of our measurements 
(Wyatt, 1995). Measurements are required in sea- 
states higher than are seen in the Holderness re- 
gion to investigate these issues further. Recent 
measurements with the WERA system off the 
north Netherlands' coast at Petten during a very 
stormy period in November 1996 may provide 
some answers. 
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FEATURE 

WAVE HEIGHT MEASUREMENTS FROM HF 
RADAR 

By Hans C. Graber and Malcolm L. Heron 

N. 

Hemote sensing of- 

fers the only opportu- 

nity to obtain high- 

resolution spatial in- 

formation about the 

shoaling wave field. 

EARSHORE AND INNER SHELF dynamics are 
forced principally by radiation stress gradients in- 
duced by shoaling and breaking waves. Waves in 
shallow water refract due varying bottom topogra- 
phy. Thus the wave climate can vary significantly 
alongshore. Remote sensing offers the only oppor- 
tunity to obtain high-resolution spatial information 
about the shoaling wave field. 

The concept of using high-frequency (HF) radio 
pulses to probe the ocean surface to deduce near- 
surface currents has received considerable attention 
in coastal oceanographic experiments. HF radar sys- 
tems have been extensively used to measure or pre- 
dict a range of oceanic processes from tidal currents 
(e.g., Prandle, 1991; Shay et al, 1995) to wind-in- 
duced surface flows (Ng, 1993). More recently, sev- 
eral studies (e.g., Heron et al, 1985; Wyatt, 1988) 
have focused on extracting additional information 
about the ocean surface from the Doppler spectrum 
measured by HF radar. Of particular interest is the 
height of ocean waves that plays a crucial role in 
engineering projects, ship navigation and design, 
and vessel traffic control in harbors as well as 
shoreline protection, beach erosion, and mitigation 
of oil spills and ocean pollution. 

Sea Echo Spectrum 
The sea echo spectrum measured by HF radars 

includes the effects of the full ocean wave spec- 
trum. Barrick (1977a,b) has shown that the radar 
backscatter spectrum is nonlinearly related to the 
ocean wave spectrum. Extraction of the direc- 
tional wave spectrum is possible with inverse 
techniques (e.g., see Wyatt, 1997, this issue). 
However, these methods are often computation- 
ally intensive. An alternative approach is to esti- 
mate the wave height from the first-order and sec- 
ond-order radar echoes by using characteristic 
properties of the spectrum. The square-root of the 
integral over the directional wave spectrum is di- 
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rectly related to the rms wave height and is an im- 
portant parameter used in many studies involving 
wave dynamics. Barrick (1977b) suggested a sim- 
ple, yet accurate, method to obtain the rms wave 
height, Hrmo from the total power in the first-order 
peak, P, and the total power in the second-order 
weighted spectrum, P2. Specifically, this relation- 
ship can be expressed, 

hf        = 
J     ^ LfW-\f/Qdf 

V27T J,< f)df 

1/2 

(1) 

where fb is the Bragg frequency, X is the radar 
wavelength, W(f/fb) is a weighting function, and 
a,, a2 are the first-order and second-order radar 
cross-sections. 

Figure 1 shows a typical Doppler spectrum 
from ocean surface current radar (OSCR) ob- 
tained in DUCK94. On the plot are also indi- 
cated the limits of the first-order and inner and 
outer second-order Doppler regions. 

S.F. Heron and M.L. Heron (unpublished 
data) evaluated several algorithms (e.g., Barrick, 
1977; Maresca and Georges, 1980; Heron et al, 
1985) based on this simple power law relation- 
ship with OSCR data obtained from the 
DUCK94 experiment. They found that the half- 
power law, Hrms = a X R"2, derived from Equa- 
tion (1) is robust for rms wave heights as low as 
20 cm. Here a - i is an empirical constant, and R 
is a weighted ratio of the integrals in Equation (1). 

DUCK94 Data 
Heron (1996) has examined in detail the applica- 

tion of these three different power law relations for 
estimating wave heights with HF radar backscatter 
data acquired during DUCK94. He found that a 
modified version of Barrick's (1977b) algorithm 
(Eq. 1) provided the most accurate wave height esti- 
mates with a rms error of only 14 cm for wave 
heights ranging from 50 cm to 4 m. The modified 
Barrick algorithm was applied to the entire 
DUCK94 data set that included significant wave 
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heights, H1/3 = 4 Hrms, in excess of 6 m during a 
Nor'easter. Figure 2 shows a comparison of the sig- 
nificant wave height observed by a 3-m National 
Data Buoy Center (NDBC) discus buoy with those 
estimated from HF radar. The wave buoy was lo- 
cated -25 km offshore from the U.S. Army Corps 
of Engineers Field Research Facility at Duck, North 
Carolina in 30-m water depth. The agreement is re- 
markable especially during the growth and decay 
stages of several frontal passages and the midmonth 
extra-tropical storm system. 

There are several times when the radar over- 
shoots the buoy observations, especially during the 
storm peak. Some of this discrepancy is caused by 
broader signal return because of enhanced wave 
breaking. Interference and poor signal-to-noise 
ratio are also possible causes for the overestima- 
tion. Nevertheless, a statistical analysis with two 
other wave-measuring systems in the nearshore 
regime off Duck, North Carolina revealed a small 
overall positive bias of only 7 cm (i.e., radar wave 
heights are greater than the buoy measurements) 
and a rms error not exceeding 38 cm for a range of 
significant wave heights from 0.5 to 6 m. 

Figure 3 shows a sequence of four hourly aver- 
aged wave height maps derived from three 20-min 
OSCR Doppler spectra centered at 12:00, 15:00, 
18:00, and 21:00 UT on 15 October 1994 during 
the peak of the Nor'easter. The maps delineate the 
spatial evolution of the storm-generated waves as 
they approach the shore. As the storm strength- 
ened (12:00 and 15:00 UT) the wave heights ap- 
pear to be uniform in the alongshore direction. 
Whereas, at the peak of the storm (18:00 and 
21:00 UT), the influence of the bottom through 
shoaling and depth refraction is quite apparent dis- 
playing spatially variable wave heights over the 
inner shelf (water depth < 25 m). 

Conclusions 
Many advantages of HF radar wave observations 

exist over standard methods. In particular, the abil- 
ity to sample a wide region in near real time sub- 
stantially enhances many marine-related operations 
including search and rescue mission, oil spill clean 
up, and dredging operations. While inverse tech- 
niques (see Wyatt, 1997, this issue) provide more 
detail information about the directional distribution 
of ocean waves, the technique described here em- 
phasizes efficiency and robustness. The need for 
sea state information around harbors and offshore 
facilities is crucial for safe and economical opera- 
tions. In particular, harbor entrances and river 
mouths can pose treacherous conditions for small 
craft and medium size vessels when opposing cur- 
rents (e.g., tides and river flow) interact with ocean 
waves (wave-current interaction). Furthermore, 
radar observations can also be made in adverse 
weather conditions, and the calculation of wave 
heights is independent of materials in the water. 
Consequently, such a technique could be used in re- 
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Fig. 1: A typical sea echo spectrum for 25.4 MHz obtained by OSCR during the 
DUCK94 experiment off the North Carolina coast in October 1994. The shaded re- 
gions indicate the first-order (F), inner (I), and outer (O) second-order spectral 
bands. 
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Fig. 2: Comparison of measured wave heights from the 
inner shelf wave buoy (solid line) with estimates from 
the OSCR system (red dots) for October 1994. Each dot 
represents a 10-min average value. 
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Fig 3- The figure reveals the evolution and spatial variability of the wave field over the inner shelf with 6.0-m significant 

wave heights in the outer ranges and 2.5-« significant wave heights close to ^-V»!0^^™^^- 
aged wave height map from three 20-min OSCR observations during a Nor'easter off Duck, NC on 15 October 1994. 

gions (e.g., river mouths, estuaries, nearshore, and 
inner shelf) where the presence of sediment or bio- 
logical material in the water column could affect 
other sensors. During and after the passage of 
storms when biological activity and sediment «sus- 
pension is high, observations of the surface wave 
patterns are important to assess the impact on sedi- 
ment transport and shoreline erosion. 
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FEATURE 

MAPPING WIND DIRECTION WITH HF RADAR 

By Daniel M. Fernandez, Hans C. Graber, 
Jeffrey D. Paduan and Donald E. Barrick 

B, 1 ESIDES THE MEASUREMENT of Ocean 
surface currents, high-frequency (HF) 
radar has also been demonstrated to be ef- 
fective at measuring the wind direction at 
scales on the order of one to several kilo- 
meters and over areas of millions of 
square kilometers in the case of sky-wave 
HF radars (Georges et ah, 1993) and 
many hundreds of square kilometers in 
the case of groundwave HF radars. The 
capability to estimate the wind direction 
at high resolution over large areas makes 
HF radar unique in that it is ground 
based, yet is capable of collecting re- 
motely sensed measurements of the 
oceanic wind field that could prove bene- 
ficial to mariners, weather forecasters, 
ocean and atmospheric modelers, offshore 
operators, and recreational users. Not only 
are such measurements useful to a variety 
of people, but they would be expensive 
and difficult, if not impossible, to obtain 
through other means, such as through the 
use of buoys at this resolution. 

Background 
Some of the first work that involves 

measurements of wind parameters using 
HF backscatter dates back to Long and 
Trizna (1973), where a sky-wave HF 
radar at the U.S. Naval Research Labora- 
tory in Maryland was used to obtain mea- 
surements of wind direction over large 
areas of the Atlantic. Sky-wave radars 
offer wind direction coverage of huge 
areas of the ocean; however, their spatial 
resolution (-10 km) does not approach 
that of ground-wave systems (~1 km). 
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Since the early sky-wave work, many 
studies have been conducted by a num- 
ber of different groups for the purpose of 
measuring wind direction over both large 
areas of the ocean using sky-wave radars 
and in coastal regions using ground- 
wave radars. A few examples of ground- 
wave measurements include Heron et al. 
(1985) and Heron and Rose (1986), who 
used HF radar measurements to obtain 
estimates of both wind direction and the 
variability in the winds near the coast. 

How Wind Measurements Are Made 
HF radar measurements are unique in 

the sense that radar backscatter is re- 
ceived from Bragg-resonant waves propa- 
gating both away from the radar location 
and toward the radar location. Further- 
more, ocean gravity waves in the Bragg- 
resonant regime have wavelengths such 
that they may reasonably be assumed to 
be locally generated by the wind. If the 
wind has been blowing for a long enough 
time and over sufficiently long fetch, the 
two-dimensional distribution of surface 
wave energy in equilibrium with the wind 
can be modeled as a cardioid distribution 
as a function of angle with respect to the 
wind direction. The form of this distribu- 
tion was suggested by Longuet-Higgins 
et al. (1963) to be: 

G{0) =A coss (0/2) (1) 

where G(0) represents the angular distrib- 
ution of wave energy, A is a constant, 9 is 
the angle from the direction of maximum 
wave energy (i.e., the angle to the wind), 
and s is a spreading parameter. Plots of 
this cardioid function are shown in Figure 
1 along with backscatter spectra corre- 
sponding to different radar look directions 
relative to the wind direction. Positive 
Bragg peaks in these spectra are associ- 
ated with waves approaching the radar 
site, whereas negative Bragg peaks are as- 
sociated with waves receding from the 
radar site. The "height" of these peaks is 

directly related to the energy within the 
approaching and receding wave compo- 
nents. It is the relative height (i.e., ratio) 
of the two Bragg peaks that contains in- 
formation on the wind direction. 

The relationship between the Bragg 
peaks and wind direction may best be un- 
derstood through examples with reference 
to Figure 1, and to the Bragg ratio (in 
dB), which is defined as: 

C=101og(ß+/ß") (2) 

where B+ and B- are the positive and 
negative Bragg peak levels, respec- 
tively. If, for example, waves propagat- 
ing toward the radar are much stronger 
than waves propagating away from the 
radar, then the Bragg ratio is large and 
positive, and the wind is assumed to be 
directed toward the radar (e.g., left 
panel of Fig. 1). The opposite condition 
occurs when the wind is directed away 
from the radar. If the wind is blowing at 
right angles to the radar direction, then 
B+ = B~ and the Bragg ratio is near zero 
(e.g., center panel of Fig. 1). 

If one defines both approaching and 
receding radar look directions relative to 
the wind (e.g., Fig. 1), then the Bragg 
ratio, using (1) and (2), is related to the 
wind direction by: 

? = 10 log 

-180' 

log <T) (3) 

where d~ is the angle between the wind 
direction and the receding Bragg waves. 
Equation (3) can be inverted for 9~ and, 
hence, the wind direction if a value for 
the spreading parameter, s, is assumed. 
(Commonly a value of s = 4 is used.) 
There is, however, a left-right (±9) am- 
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Fig. 1: Sample distributions of surface wave en- 
ergy as a function of angle relative to the wind 
direction for cases with wind blowing toward 
(left), at right angles to (middle), and away 
from (right) the radar look direction. Sample 
backscatter spectra below show relative heights 
of the approaching (+) and receding (-) Bragg 
peaks for each case and 6* denotes the angle 
between the wind and the approaching wave di- 
rections. 

biguity in the solution that must be re- 
solved using independent observations, 
assumptions about time continuity, or 
(preferably) estimates from a second 
radar site viewing the ocean from a dif- 
ferent angle. 

Results from a Phased-Array System 
In Wyatt's paper (Wyatt 1997) on 

directional wave mapping using the 
Ocean Surface Current Radar (OSCR) 
system, wind direction maps are also 
included (see Wyatt 1997, Fig. 4, this 
issue) that show the effect of a low 
pressure system moving past the radar 
sites. Here we present a similar result 
from an OSCR deployment off Duck, 
North Carolina in October 1994. Sur- 
face current data from this experiment 
are described by Haus et al. (1995) and 
Shay et al. (1997). Importantly, the ex- 
periment included offshore moored 
wind measurements within range of the 
OSCR sites. In addition, the Army 
Corps of Engineer's research pier at 
Duck collected wind measurements at 
the nearshore boundary of the radar 
field. 

Wind direction estimates from the 
OSCR cell closest to the offshore moor- 
ing are shown in Figure 2, together with 
observed wind directions, for a 2-day 
period that included the passage of a 
sharp front on 9 October. The remotely 
sensed direction estimates agree very 
well with those measured at the moor- 
ing. In this case, data from only one of 
the two OSCR sites (the master site) 

were used, and the directional ambiguity 
in the Bragg ratio was resolved by mini- 
mizing the differences with the mooring 
data. Hence the OSCR estimates are not 
independent of the mooring data in this 
example, but the results are still very en- 
couraging. (During this experiment, the 
noise level of the OSCR slave site was 
such that useable Bragg ratios were un- 
available most of the time.) 

The important potential of HF radar 
data with regard to the wind field is in 
their ability to map wind direction and 
detect frontal boundaries (sudden 
changes in direction) and small-scale 
storms (e.g., waterspouts, thunder- 
storms). High resolution wind direction 
maps from before and after the frontal 
passage of 9 October are shown in Fig- 
ure 3, together with observed directions 
at the mooring and on the research pier. 
Again, these estimates were made with- 
out the benefit of the second radar site. 
They are, nonetheless, remarkable in 
terms of the two-dimensional views 
they provide. Primarily onshore winds 
throughout the region shifted to along- 
shore with the passage of the front. In 
addition, the radar maps show varia- 
tions in wind direction over horizontal 
scales of just a few kilometers. Wind 
stress divergences and curls over these 
scales, and their impact on coastal mix- 
ing and circulation, can only be investi- 
gated using HF radar systems. 

Results from a Direction-Finding 
System 

The wind direction mapping de- 
scribed above was accomplished using 

10/100000 10/101J0O 

Time 

Fig. 2: Wind direction relative to the master radar 
site measured at a wave buoy off Duck, North Car- 
olina in October 1994 (solid) together with esti- 
mates from the HF radar (symbols). 

Fig. 3: Wind direction maps from 9 and 11 October 
1994 off Duck. North Carolina from OSCR measure- 
ments at the master HF radar site. The measured di- 
rections at an offshore mooring and from a research 
pier are also shown in red. 

phased-array systems where the beam 
is electronically "steered" to a particu- 
lar direction and the entire Bragg peak 
energy ratio is measured. It is likewise 
possible to use backscatter data from 
direction-finding systems, such as the 
CODAR SeaSonde, to map wind direc- 
tion using compact colocated antennas. 
This can be done by extending the sur- 
face current algorithms (e.g., Lipa and 
Barrick, 1983; Barrick and Lipa, 1997) 
to provide the Bragg power ratio for 
the extracted bearing angles corre- 
sponding to the particular Doppler fre- 
quency bin (or radial velocity). The 
estimation of wind direction is, there- 
fore, more restrictive than surface cur- 
rent estimates, because both Bragg 
peaks must produce a similar bearing 
estimate for each radial velocity bin. 
Like the phased array, wind direction 
estimates for a particular grid location 
must be available from both radar sites 
if two-site data are to be used to re- 
solve the direction ambiguity. 

An intitial attempt at wind direction 
mapping using two SeaSonde systems 
off the Oregon coast is shown in Figure 
4. A reversal of alongshore wind direc- 
tion from downwelling-favorable to up- 
welling-favorable between 20 May and 
21 May 1996 is clear in the figure, along 
with the suggestion of small-scale struc- 
ture similar to that observed off North 
Carolina by the OSCR system. 
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Fig. 4: Wind direction maps from 20 and 21 May 
1996 off Bandon, Oregon from two-site SeaSonde 
measurements at Bandon and Cape Blanco. 

Conclusions 
Mapping marine surface wind direc- 

tion is another unique capability of HF 
radar systems. Although still in the pre- 
liminary stages, this technique may yield 
synoptic measurements of coastal wind 
variations with resolutions of only a few 
kilometers. New systems under develop- 
ment, such as the multifrequency, 
phased-array system mentioned in 
Teague et al. (1997) should have better 
sensitivity for both wind and wave cal- 
culations because their computer-con- 
trolled design will allow rapid changes 

in the transmit and receive parameters. 
The multifrequency aspect of these sys- 
tems will also allow for comparisons of 
wind direction estimates from a range of 
frequencies and, hence, a range of Bragg 
wavelengths that may help to assess the 
fundamental assumptions made about 
equilibrium conditions. Since ocean 
waves at different wavelengths respond 
differently (directional relaxation) to 
changes in wind speed and direction, the 
methodology described here could also 
be applied to infer the directional distrib- 
ution of ocean waves. 

Mapping of wind direction is possible 
from both phased-array and direction- 
finding HF radar systems. Results from 
the latter presently can have less spatial 
resolution due to the need to obtain si- 
multaneous direction solutions from both 
positive and negative Bragg peaks. 

It should be pointed out that the mea- 
surements described here yield maps of 
wind direction only. They do not provide 
estimates of wind speed. Thus it is not 
possible to obtain a true vector wind field 
in this way. Nonetheless, the ability to 
map an important wind parameter such 
as wind direction, and to document its 
hour-to-hour evolution, is unique. For ex- 
ample, real-time observations of ap- 
proaching atmospheric fronts and thun- 
derstorms are helpful in the safe passage 
of commercial and recreational vessel 
traffic inside and outside of ports and 
harbors. These measurements could be 
combined with other wind measurements 
from moorings and the shoreline, and 
with simultaneous maps of surface cur- 
rent velocities and surface wave heights, 
to begin to study interaction of the 
coastal atmosphere and ocean on short 
time and space scales. 
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MEETING ANNOUNCEMENT AND PRELIMINARY CALL FOR 
ABSTRACTS 

TOS AND IOC 1998 SCIENTIFIC MEETING 
"Coastal and Marginal Seas" 

Paris, France 
UNESCO Headquarters 

June 1-4, 1998 

Program Chairs: Kenneth Brink, Woods Hole Oceanographic Institution, USA 
and Katherine Richardson, Danmarks Fiskeriunders0ggelser, Denmark 

PRELIMINARY PROGRAM 

Monday. June 1: "Small scale processes: turbulence, particles, and 
transformations" 

Chair: Thomas Kioerbe, Danish Institute for Fisheries Research 

Tuesday. June 2: "Medium scale processes: transports, physical struc- 
tures and plankton distributions" 

Chair: John Simpson, School of Ocean Sciences, Bangor plus Spe- 
cial evening GOOS session 
Chair: Colin Summerhayes, IOC 

Wednesday. June 3: "Regional scales: circulation, budgets and popula- 
tion dynamics" 

Chair: Sharon Smith, University of Miami, USA 

Thursday. June 4: "Policy, Perspectives, New Directions and Late 
Breaking News" 

THE OCEANOGRAPHY SOCIETY (TOS) and the INTERGOV- 
ERNMENTAL OCEANOGRAPHIC COMMISSION (IOC), in obser- 
vance of the Year of the Ocean and the TOS 10th Anniversary, an- 
nounce their first jointly sponsored meeting to be held in Paris, June 
1_4; 1998 at UNESCO headquarters. The meeting format will include 
morning plenary sessions of invited talks on the daily session themes 
and contributed poster abstracts in the afternoons focusing on, but not 
limited to, the day's session theme (no poster session on the last day). 
Commercial exhibits will be co-located with the contributed posters. 

Students are invited to attend and participate. Fifty students will be 
permitted to register at one-half the regular registration fee. The half- 
price registrations will be allocated on a first-come basis, but prefer- 
ence will be given to students submitting abstracts and presenting 
posters. 

Some financial support will be available from SCOR for oceanogra- 
phers from developing countries; applications for this support must 
be received at TOS headquarters by February 1, 1998. 

CALL FOR POSTER ABSTRACTS 

ABSTRACT & POSTER INFORMATION 

Poster abstracts will be accepted for review November 1, 
1997-March 15, 1998. Abstract titles and content need not be spe- 
cific to one of the broad session themes as outlined in the Prelimi- 
nary Program included here. 

Abstracts relating to the session theme of a given day will be presented 
on that day. Abstracts not specific to the session themes will be presented 
on the day assigned them by the Abstract Manager. Every attempt will be 
made to assign posters for presentation on the day preferred by the author 
but, to balance the number of posters over the course of the meeting. 
TOS reserves the right to make the final assignments. 

All submitted abstracts will be reviewed by the Program Chairs 
and/or the appropriated Session Chair. Abstract acceptance notices 
will be issued no later than April 16. Every effort will be made to 
issue early notifications of poster acceptance to those who submit ab- 
stracts in advance of the deadline. 

ABSTRACT FORMAT 

Abstracts are limited to 250 words, including title and author(s) in- 
formation (name[s], afflliation[s], and address[es]). An Internet ad- 

dress for the first author is requested. Long abstracts will be returned 
to the author for editing. 

Abstract Submissions 

Electronic mail is the preferred method for submitting abstracts 
and will ensure the quickest acceptance notification. Abstracts may 
also be submitted to TOS via FAX, mail, or other delivery service 
for an additional fee (see below). 

E-mail and FAX: Submit abstracts via e-mail as text files (no "at- 
tachments"). Abstracts submitted in this manner must include credit 
card information as below. 

Mail or Delivery Service: Submit in duplicate to TOS headquarters 
with a check, money order or credit card information as below. 

With all submissions, please indicate the following information: 

• If paying by credit card (Master Card or Visa only) indicate ac- 
count number, expiration date, and name that appears on the 
card; 

• Name, address, E-mail address, phone number, and fax number of 
the person to receive notification; 
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• Session to which the abstract relates or preferred day of presenta- 
tion if the abstract is unrelated to one of the daily session themes. 
Submit to:   The Oceanography Society, 

4052 Timber Ridge Drive, 
Virginia Beach, VA 23455, USA 
E-mail: rhodesj@exis.net orjrhodes@ccpo.odu.edu 
FAX: (757) 464-1759; Phone: (757) 464-0131 

ABSTRACT FEES 

The abstract fee is US$60 (US$30 for students) for abstracts submit- 
ted via e-mail and US$75 (US$36 for students) for those submitted 

by any other means. Payment of the abstract fee must be made at the 
time the abstract is submitted and can be made with check or money 
order, payable to "The Oceanography Society" (in U.S. funds 
payable on a U.S. bank) or with a credit card (Master Card or Visa 
only). Abstracts submitted via e-mail or FAX must be paid with a 
credit card for which the account number and expiration date are 
provided when the abstract is sent. We regret that we are unable to 
process training or purchase orders and cannot issue invoices for 
payment. Fees for abstracts that are not accepted will be refunded. 
Revisions to abstracts are discouraged; revised abstracts will be 
treated as new submissions and will be charged as an additional ab- 
stract. 

GENERAL INFORMATION 

REGISTRATION 

All participants, including poster presenters, must register for the meet- 
ing. A brochure containing registration information, forms, and up- 
dated program will be available in October 1997. 

HOTEL ACCOMMODATIONS 

No headquarters hotel has been designated for the meeting since all of 
the activities will be at UNESCO and because there are so many hotels 
of varying price and degree of luxury in the vicinity of UNESCO (7, 
Place de Fontenoy, 7th arrondissement bordering with the 15th ar- 
rondissement; metro: Segur or Cambronne). The Paris web site 
(www.paris.org) has an extensive list of hotels by arrondissement with 
notations on price and level of comfort. Your travel agent will also be 
able to assist with reservations. 

June is a busy tourist month in Paris so we urge you to make hotel and 
flight reservations early. If your attendance at the meeting is predicated 
on acceptance of your abstract, please submit your abstract as early as 
possible and make tentative reservations if at all possible. 

INFORMATION UPDATES 

TOS members and those requesting placement on the meeting mailing 
list will be sent an updated printed brochure as they become available. 
If you wish to be placed on the mailing list or if you are on the list but 
have not received the brochure by December 15, 1997, please contact 
TOS headquarters (E-mail: rhodesj@exis.net orjrhodes@ccpo.odu.edu; 
phone: (757)464-0131; fax: (757)464-1759). Meeting updates will also 
appear at the TOS website (http://www.tos.org) and various other elec- 
tronic sites. 
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TOS Standing Committees 

Meetings Committee 
The Meetings Committee is charged with advising the TOS Council on the planning and organization of the TOS 
meetings within the framework of the Council priorities for the growth and health of the Society. The Meetings 
Committee advises on themes, chairs, format, location, and policies for all regular TOS meetings. Under the aus- 
pices of the Meetings Committee, a Meetings Manual has been developed to provide history and continuity for 
this important committee. The manual is a dynamic document which is updated as additional policy evolves and 
new circumstances are encountered. The committee is currently developing and discussing possible meeting 
themes for 1999, 2000, and onward. 

Current committee members and terms of appointment: 

Eric Hartwig, Chair Naval Research Laboratory 
(hartwig@utopia.nrl.navy.mil) 
Otis Brown 
Tom Dickey 
David Farmer 
John Kindle 
Annelies Pierrot-Bults 
David Schink 
Gerold Wefer 

University of Miami 
University of California/Santa Barbara 
Institute of Ocean Sciences (Canada) 
Naval Research Laboratory 
University of Amsterdam 
Texas A&M University 
University of Bremen (Germany) 

1994-1998 

1997-2000 
1997-2000 
1995-1998 
1997-2000 
1996-1999 
1995-1998 
1996-1999 

Ex officio members: 

Margaret Leinen 
Ken Brink 
Katherine Richardson 
Judi Rhodes 

TOS past President 
1998 Paris meeting program co-chair 
1998 Paris meeting program co-chair 
TOS Executive Director 

Membership Committee 

The Membership Committee is charged with advising the TOS Council on: 

(1) Strategies for retaining members and for recruiting new members; 
(2) Strategies for recapturing members who have left the Society; 
(3) The design of membership drives for new members from targeted groups; and 
(4) The implications of any proposed changes for dues structure, meetings, publications or other Society ser- 

vices for the membership. 
The Membership Committee has reviewed the membership records and from its analysis is preparing a num- 
ber of recommendations for the Council's consideration. 

Note: While the Membership Committee is officially charged with overseeing membership matters, the Coun- 
cil hopes that every TOS member considers himself/herself an ex officio member of the committee. Personal 
endorsements of the Society's activities and suggestions to colleagues to join your society will greatly assist 
the Membership Committee in its charge. 

Current committee members: 

Jonathan Sharp, Chair 
(jsharp@udel.edu) 

Neil Andersen 
Winfried Gieskes 
David Karl 
Tony Knap 
Gerold Siedler 
Colin Summerhayes 
Echiro Tanoue 

University of Delaware 

University of Maryland 
University of Gronigen (The Netherlands) 
University of Hawaii 
Bermuda Biological Station for Research 
Kiel University (Germany) 
IOC (Paris) 
Meteorological Research Institute of Japan 

The TOS Council thanks these committees for their invaluable work and guidance in these two areas of major 
importance to the Society. Special thanks also for a job well done to those who rotated off the Meetings 
Committee this year (David Halpern, Jet Propulsion Laboratory; Marlon Lewis, Dalhousie University; and 
Thomas Stanford, University of Washington). 

If you are interested in serving on these committees or should you have comments, questions, or suggestions 
regarding their work, please contact either the Chair of the committee or TOS headquarters (for forwarding to 
the appropriate committee). 
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ADDENDUM 

ADDENDUM TO "THE OCEANOGRAPHY TEXT PATTERN: 

A REVIEW AND COMPARISON OF INTRODUCTORY 
OCEANOGRAPHY TEXTS" 

By Richard W. Spinrad* 

OUBSEQUENT TO THE PUBLICATION of the Re- 
view of Oceanography texts last year (Spin- 
rad, 1996), The Oceanography Society was 
contacted by two authors. In one case we 
were asked to include a previously overlooked 
text, and in the other case, the author was 
concerned that the text which had been pro- 
vided by their publisher was not the most re- 
cent college-level version. Respectively, these 
two texts, reviewed here as an addendum to 
the original assessment (and using the original 
criteria for review), are 

1. David A. Ross 
Introduction to Oceanography 
HarperCollins, 1996, ISBN 0-673-46938-7 

2. Alyn C. Duxbury and Alison B. Duxbury 
An Introduction to the World's Oceans, 5th 
Edition 
Wm. C. Brown Publishers, 1997, ISBN 0- 
697-28273-2 

Ross' text follows a rather traditional ap- 
proach to presenting the field of oceanogra- 
phy. It is generally a sound and informative 
book. Using the same criteria as developed for 
the previous review of texts, Ross' volume 
shakes out as follows: 

Tides—This section is included as part of 
the treatment of waves. The discussion of 
forces is very (perhaps too) simplistic, but the 
use of graphics is very good. There is minimal 
treatment of dynamic theory, and no real data 
are included. One unique aspect is the treat- 
ment of tidal friction in the context of paleo- 
ceanography. The whole discussion on tides 
covers only about five pages and there is 
nothing on amphidromic points or cotidal 
lines. The treatment of tides is slightly disap- 
pointing. 

Primary Production—Ross takes an ecosys- 
tem approach which invokes a strong element 

Richard W. Spinrad, Consortium for Oceano- 
graphic Research and Education, 1755 Massachu- 
setts Ave. NW, Washington, DC, 20036-2101, 
USA. 

* The opinions expressed in this article are 
solely those of the author, not that of TOS or 
CORE. 

of disciplinary integration. Other textbook au- 
thors could learn a lot from this approach. 
There is an excellent treatment of photosynthe- 
sis, production, respiration, compensation 
depth, nutrient supply, and physical controls. 
There are also good comparisons of photosyn- 
thesis and chemosynthesis, and very nice treat- 
ments of geographic variability and general 
measurement techniques. One interesting point 
is the inclusion of a box on the iron experi- 
ments conducted in the Pacific, although this 
appears in the chapter on climate, and there is 
no cross reference in the chapter on productiv- 
ity. Nevertheless, Ross' treatment of primary 
production is a strong point in the text. 

El Nino—Ross' treatment of ENSO is very 
clear and succinct, including a very fair de- 
scription of the methods of observation and 
the forecast limitations. He also includes a 
good discussion of the global implications of 
El Nino. One change I would recommend is 
more abundant inclusion of El Nino through- 
out the rest of the text. I also believe the ref- 
erences specific to El Nino, at the end of the 
chapter, are not adequately current (the most 
recent is from 1986). 

Hydrothermal vent biota—This is an ex- 
cellent piece of this textbook. Along with 
some wonderful photographs, Ross has in- 
cluded a nice definition of the wonder of these 
discoveries, and their implications for under- 
standing life in extreme environments. He 
also blends this section with a nice discussion 
on chemosynthesis (see above), and a very 
good set of references at the end of the chap- 
ter. I really enjoyed reading this section. 

Biodiversity—Except in terms of a general 
discussion of biological communities, this 
section is insufficient. 

Acoustic Thermometry—This text is one of 
the very few (compared to those reviewed 
previously) that has a section on this subject. 
Ross also includes a discussion on the rela- 
tively new field of acoustic tomography. The 
Heard Island experiment is described reason- 
ably well, with, perhaps, a bit too much em- 
phasis on the environmental debates of using 
sound sources in ocean waters. Overall, Ross 
treats the subject of acoustics fairly and fully. 

Optics—Ross has given another fair and 
accurate treatment of this subject, indepen- 

dently, and in the context of biological pro- 
duction. My only objection is that the section 
is called out as a separate box, thus suggest- 
ing that the subject is not central to oceanog- 
raphy. 

References—The average number of refer- 
ences per chapter is 15, with the oldest being 
from 1912, the newest from 1993, and the 
mean age being 1985. The disturbing addi- 
tional bit of information is that most of the 
policy-related chapters include virtually no ref- 
erences after 1993. In fact, the chapter dealing 
with the Law of the Sea has no references 
since 1989. Otherwise, this text is comparable 
to most of the others reviewed previously. 

General Comments—This book includes 
some unique elements. Ross has included sep- 
arate sections on the ocean's role in global 
climate change, as well as chapters on marine 
archaeology, marine pollution, and Law of 
The Sea. The text includes over 50 boxes on 
subjects of a scientific, technological, or gen- 
eral interest. There is good use of color graph- 
ics, photographs, and generally a nice mix of 
schematics and real data. There is a notable 
bias toward material from scientists at Woods 
Hole Oceanographic Institution (12 of 20 ran- 
domly selected figures had WHOI credits). 
Each chapter includes a very readable and 
short introduction and at the end, a good sum- 
mary. The review questions at the end of each 
chapter are too regurgitative but might be 
good for quizzes. Key terms, highlighted in 
the text, are helpful, albeit a bit numerous. 
The lists of further reading tend to be non- 
technical, with a heavy emphasis on Oceanus, 
Scientific American, and other texts (each ref- 
erence includes an informative 1-line descrip- 
tion). It would be nice to see more technical 
journals included. The text's appendices are 
not particularly helpful. They include a list of 
conversion tables and description of the met- 
ric system, a good (but not great) glossary 
(e.g., it doesn't include "biogeochemistry" or 
the Ocean Drilling Program), and a list of ref- 
erences, the relevance of which is unclear. 

Conclusion—Ross' text is good overall, 
with some sections that are outstanding. The 
reader is well advised to carefully review all 
sections, since some fell short of providing 
the most current or complete information. 
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The Duxburys' text, hot off the presses, is 
an extremely impressive and useful book for a 
college level class. While the version re- 
viewed in the previous assessment was not 
appropriate for an undergraduate course, this 
one is outstanding. So much about it reflects 
the Duxburys' diligence in researching topics, 
and attention to detail. Let me march through 
the subjects reviewed: 

Tides—This subject is covered in a whole 
chapter of some twenty pages, and specifically 
geared to students who have little or no un- 
derstanding of vectors. The chapter starts with 
a good definition of key tidal characteristics: 
temporal and spatial patterns and variability 
(including tidal currents). There is a very nice 
breakout of equilibrium and dynamic theory; 
in the former, the authors do a nice job of 
holding the students' hands through some 
simplified explanations. The section on dy- 
namic tide analysis is impressive in its ties to 
previous readings on shallow water waves and 
the Coriolis effect. I would have liked, how- 
ever, to see a tabular breakout of tidal compo- 
nents. The coverage of cotidal lines and am- 
phidromic points, done in the context of 
standing waves (including a method to calcu- 
late the natural period of oscillation in a tidal 
basin) is quite clear. The Duxburys' discus- 
sion of the capabilities, benefits and detri- 
ments of harnessing tidal energy is, in two 
words, excellent and fair. I also liked their 
presentation on tides with respect to estuarine 
mixing and flushing. In summary, this treat- 
ment of tides is the best of any of the eight 
texts now reviewed. 

Primary Production—Again, this is a thor- 
ough and accurate section. Good, clear defini- 
tion of gross and net production lead 
smoothly and logically into a discussion of 
controls. While there is a disappointing 
paucity of real data in this section, I was en- 
couraged by the brief, but accurate mention of 
the recent work on trace metal controls. The 
discussion continues to include a very nice 
synopsis of average global distributions of 
production (including numbers) and a good 
definition of zonally dependent seasonal vari- 
ability. Table 14.2, showing relative gross 
production on land and in the ocean (for dif- 
ferent environments), is terrific. The section 
on measurement methods is short but com- 
plete and up-to-date. 

El Nino—I would put the Duxburys' cov- 
erage of El Nino near the top, for all of the 
texts, mostly by virtue of their comprehen- 
siveness. Physical processes, temporal/spatial 
scales, current state of forecast capabilities, 
and the concepts of teleconnections are all in- 
cluded in the text. This is one case where they 
make nice use of real-world data, and, albeit 
subtly, they make mention of the relationship 
between El Nino detection and background 
global warming signatures. One particularly 

noteworthy aspect of their coverage of El 
Nino is their mention, throughout the book, of 
the potential impact of the phenomenon on a 
wide range of such societally important issues 
as fish stocks, C02 exchange, and formation 
of North Atlantic cold water masses. 

Hydrothermal vent biota—To their credit 
the authors include some mention of this sub- 
ject in their discussion of primary production 
(in the context of chemosynthesis cf. photo- 
synthesis). They include a few photos, but 
none as stunning as contained in some of the 
other texts. Generally, the coverage is good 
. . . my only complaint is that the excitement 
of the discovery of hydrothermal vent biota 
and the potential implications in studies of the 
origins of life are not appropriately conveyed. 

Biodiversity—This subject, while men- 
tioned in passing in the preface, is not specifi- 
cally called out in the body of the text. There 
are faint allusions by virtue of discussion on 
genetic manipulation and nonindigenous spe- 
cies, but the coverage overall is lacking. 

Acoustic Thermometry—The reader is re- 
minded that in the previous review fewer than 
one-half of the texts discussed this subject, and 
only one did it well. The Duxburys' excel in 
this coverage. They include an outstanding defi- 
nition of the concepts of long-range acoustic 
transmission and the connection to integrated 
temperature measurement (as well as a very fair 
discussion on the marine mammal-related con- 
cerns for this research). Their section even has 
brief mention of the recent Transarctic Acoustic 
Propagation experiment. A noteworthy related 
point is their inclusion of a separate section on 
acoustic tomography (including some discus- 
sion on moving source tomography!). 

Optics—This coverage is a bit disappoint- 
ing. While generally accurate, the description 
of the physics behind water color is insuffi- 
cient. My main complaint, however, is that 
the definition of the technology for optical 
measurement is about 20 years out of date 
(e.g., hand-held photometers with analog volt- 
meter readouts). This section has not been re- 
searched and updated as well as most of the 
rest of the text. 

References—The Duxburys make extensive 
use of references from the general scientific lit- 
erature (Scientific American, Oceanus) with a 
peppering of technical references (Science) and 
an impressive set of references to the classic 
oceanographic texts (Shepard, Bascom, Par- 
sons/Takahashi/Hargrave, Pickard/Emery, Riley/ 
Chester, Bowditch, etc.). Students should have 
no problem finding most of the references in- 
cluded in this text. That's a real plus! The 
numbers are also very good: an average of 23 
references per chapter, with a mean date of 
1988 (in the random check of five chapters the 
oldest reference was from 1953 and the newest 
from 1996). But, perhaps, most impressive 
about the references is the inclusion of an ex- 

tensive set of World Wide Web Home Pages. 
Regardless of how ephemeral the individual 
URLs might be, this is an enormously valuable 
reference tool, and the Duxburys are to be 
credited for taking a lead among oceanography 
texts in providing this service.t 

General Comments—This book is a joy to 
read! The writing is clear and concise, the use 
of graphics is quite aesthetically pleasing, and 
there is an outstanding mix of photos, satellite 
images, schematics, and plots of data. Each 
chapter begins with a literary quote and a 
short intro, both of which are attractive. All of 
the chapters include good, short summaries, 
and an adequate list of key terms. Most of the 
chapters include a section on practical consid- 
erations (e.g., Ocean Thermal Energy Conver- 
sion, coastal development, fisheries, etc.) 
which are generally important, relevant, and 
thought provoking. Boxes for new techniques 
and new projects (with most of the emphasis 
on the former) represent an excellent choice 
of topics, from remote sensing, to the Navy's 
Sound Surveillance System (SOSUS), to side- 
scan technology, to viruses, and even the 
Great Pacific Sneaker Spill. Overall, the Dux- 
burys have done a very nice job of including 
current interest items throughout the text (in- 
cluding very recent information on cholera). 
They've also taken a nontraditional view to- 
ward inclusion of environmental concerns, by 
placing that chapter in the middle of the book 
(following the chapter on coastal processes— 
good thinking!), rather than at the end of the 
volume (which for many texts implies that 
this subject is nothing more than an after- 
thought). Each chapter ends with study ques- 
tions that are comprehensive but mostly of a 
review nature. Some chapters also have study 
problems, which, while almost exclusively 
mathematical in form, really do test the under- 
standing of the students; there should be more 
of these. In summary, had this volume been 
available during the initial review it would 
have, undoubtedly ranked in the top group. 

The conclusion on these two additional 
texts is that they are both good. The material 
which Ross' text covers, is generally dealt 
with well, but the reader is advised to check 
carefully on individual subjects (he can be a 
bit spotty). I am particularly impressed with 
the Duxburys' volume. This is more than a 
text book ... it is also a good reference docu- 
ment. In fact, I will think seriously about 
using this new volume in my own course next 
time around. I highly recommend it for its 
quality, currency, and completeness. 

t In the undergraduate oceanography course I 
taught this spring, approximately 90% of my stu- 
dents indicated that they have access to, and use 
the Web for course-related research. 
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MicroC AT sets the NEW standard 
in accurate moored C-T instruments 

Higher Accuracy 
Increased Resolution 
Better Stability 
Direct Digital Output 
Proven Fouling Resistance 

An evolution of the legendary SEACAT, 
proven by a decade of ocean research; 
MicroCAT combines our unique internal-field 
conductivity cell and ultra-stable thermistor 
with new microelectronics and calibration 
technology. 

Three New Models with 
Surprisingly Low Prices! 
SBE 37-SI with serial interface (no memory 
or battery) for real-time monitoring or 
integration with current meters, ROVs, etc. 

SBE 37-SM with serial interface and large 
flash memory for conventional moorings or 
synchronization with ADCP sampling. 

SBE 37-IM with DPSK inductive modem 
telemetry (shown at right), outperforms FSK 
inductive telemetry types. The SBE 37-IM clamp attaches to a jacketed cable, the MicroCAT snaps in 
place and is then secured in the clamp with two bolts. Up to 100 addressable MicroCATs communicate 
(half duplex) with an Inductive Modem Controller (sold separately) over cables up to 7000 meters 
long. 

Other MicroCAT Features 

All titanium construction for 7,000 meters depth, RS-232C or RS-485 interface choices, real- 
time clock, optional strain gauge pressure sensor, non-restricted lithium battery gives endurance 
for over 100,000 samples, internal references for automatic error correction, calibration 
coefficients stored in EEPROM allow data output in degrees C, Siemens/meter, decibars and 
time (month, day, year, hours, minutes, seconds). Data format compatible with SEASOFT® or 
virtually any spread sheet or data base. 

SEA-BIRD ELECTRONICS, INC. 
1808 - 136th  Place   Northeast 
Bellevue, Washington, 98005 USA 

web site: www.seabird.com 
Fax (206) 643-9954 

Telephone (206) 643-9866 
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Units: The International System (SI) should be used throughout. 
Symbols for a unit of measurement should be used only when preceded 
by a number (e.g. "10 m" but "several meters"). Unit symbols are not 
to be punctuated (i.e., they are not treated as abbreviations); the same 
symbol is used for both singular and plural. 

Abbreviations: Abbreviations and acronyms must be identified with 
their first use. The solitary use of acronyms is unnecessary and discour- 
aged. The abbreviation "U.S." is appropriate when it modifies another 
word (e.g. U.S. Department of Commerce). Names of states and months 
should be spelled out except in Table and Reference sections. 

Mathematical Formulas: The use of mathematical symbols and for- 
mulas should be held to the absolute minimum necessary, and in those 
cases all symbols must be clearly defined in the text. For detailed 
guidelines, see the Author's Guide of the American Meteorological 
Society. 

Color Photography/Print Material: The use of color photos or art 
work is encouraged, if its use enhances the readability, utility, or artis- 
tic merit of the article. At present, there are no page charges for pub- 
lication, but costs for color processing will be charged to the author. 

cases, cover figures with extended captions will be considered for 
publication without an accompanying article. Cover figures must be 
oriented vertically. 

Book/Video Reviews: Reviews are solicited for scientific books 
and videos, and also for published material with a potentially wider 
appeal (e.g., novels, biographies, historical anecdotes, etc.). 
Reviewed material must have relevance to the oceans. Reviewers 
should keep in mind that a well-written review helps readers 
decide whether or not it is worth their time to read the book in its 
entirety. The reader of a review expects basic information about 
the content and organization of the book, as well as a subjective 
opinion about the quality, style and relevance of the material. 

Reviews should include: complete title of book/video, author or editor, 
year of publication, number of pages, price, format (hardbound, soft- 
cover, paperback, etc.), name of publisher, city of publication and the 
reviewer's name, title and affiliation. 

Reprints: Offprints of published articles are offered at the time of 
acceptance and are printed concurrently with the magazine. Contact 
the editorial office for current estimates of reprint costs. 

Covers: Any author may submit color material to be considered for 
use on the front or back covers. Cover material must be pertinent and 
complementary to the author's published article. In some relevant 

"Galley" proofs: These will be distributed as soon as they are ready, 
and the author will have one-day turn around time to return them to 
the editorial office. 

SIGN ME ON!   _—__—^^__^__^-^_^_^_^^_ 
Please accept my application for membership in The Oceanography Society. My annual membership dues will support the work 
of the Society and will entitle me to receive Oceanography, to register at discounted rates for meetings sponsored and/or co- 
sponsored by the Society, to vote in Society elections, and to express my opinion on all matters of interest to the Society. I 
would like to join in the following category (choose one): 
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D Regular Member ($50) 
D Library ($125) 

D Student Member ($25)* 

* Students must provide the following information to certify student status: 
Enrolled at Major Subject    
Certified by    Certifier's signature & title 

Name  
Affiliation 
Address 

D Corporate/Institutional Member ($500) 
D Sponsoring Member ($100) 

($50 is tax deductible) 

Date 

1 Enclosed is my check for $   
in U.S. funds payable on a U.S. bank. 

1 Please charge my credit card:     D Mastercard      D Visa 

Card #  
Expiration Date    
Signature  

Phone   
E-Mail   
Discipline(s):       D Biology        D Chemistry D Physics 

D Geology/Geophysics       D Applied Technology 

D Home D Work 
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THE OCEANOGRAPHY SOCIETY 

The Oceanography Society was founded in 1988 to disseminate knowledge of oceanography and its application through research and education, 
to promote communication among oceanographers, and to provide a constituency for consensus-building across all the disciplines of the field. 
The Oceanography Society is a non-profit, tax-exempt organization incorporated in the District of Columbia. 

MEMBERSHIP 

Regular membership is available to oceanographers, scientists or engineers active in occan-rclated fields, or to persons who have advanced 
oceanography by management or other public service. With proper certification. Student membership is available for students enrolled at least 
half-time in an oceanography or ocean-related program at the baccalaureate or higher level. Life members pay a one-time fee for lifelong privileges 
of membership. Sponsoring membership is available to individuals who wish to provide enhanced support annually. In the U.S., $60 of the 
annual dues in this category is tax-deductible as a charitable contribution, as are any additional contributions, over and above the annual Regular 
Member dues. Note: no portion of Life Member dues qualifies as a charitable contribution. Organizations and companies may subscribe annually 
as Corporate/Institutional members. Annual Library subscriptions are also available. All members are entitled to exercise the rights and 
responsibilities of active participation in the Society, including the vote. All members receive Oceanography. All applications for membership 
are subject to approval by the Membership Committee of the Society. To join, mail the application with completed information and appropriate 

payment. 


